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AB~STRACT

A two-line radiative transfer model of a pyrotechnic illus-inating

flare fla3me was formulated and validated. The model is capable of

predicting the spectral radiant flux of dif-ferent illuminating flares

from known system variables such as formiula, size, and ambient pressure,

these having been varied over a wide range. Th:ý was done without

introdmcing assumptions which require ad hotý rid fir.tions of the

mrode~ to describe different flares.

To solve the transfer equaltion for observed raliant intensity,

the flame is represented by a model whose main characteristics are.

(a) the flame is a homogeneous gaseous atmosphere with plane-parallel

stratification, (b) the gas consists of inert molhculres plus sodium

atoms which can be excited to the 2P or D~ level, (c) there is

local thermodynamic equilibri,.;m governed by the 'local temperature,

(d) the teatperature gradient can be represented by a parabola whose

vertex is at ti.e center of the flame, (e) th?ý dispersion profi e and

number density of sodium atoms hav~e average values, inside th, flame,

that are independent of depth, and (f) the individual line dispersion

pr-file is replaced with a two-line function to simultaneously

describe the spectral distribution of both of the sodium D lines.

The pairameters of the radiative transfer theory were supplied

from caiculated thermodynamic properties of the flare. Optical

uhickness as a function of position in the flame was determined using



computed sodium atom densities and physical flame size was obtained

photographically. A flame temperature gradient was constructed

numerically as a function of temperature in the flame using the

computed adiabatic temperature at the flame center and the boundary.

The two-line dispersion profile vwas ccnstructed as a function of

line broadening. The magnitude ov the broadening was computed

a priori.

Relative radiant power spectra are presented of the flames

from three different pyrotechnic flare formulas ')urning at ambient

pressures of 760, 630, 300, 225, 150, 75, 30 and 6 torr. The

sodium concentration in the flare formulas varies by a factor of lO

between each formula. The experimental spectra of these illuminating

flare flames show the magnitude of sodium D line broadening as a

function of ambient pressure and sodium atom density in the flame.

A set of theoretical spectra, computed using the two-line

radiative transfer model, are presented for compariror wi-h ,he

experimental spectra. The correlation between t'ieoretical and

experimental spectra shows that an LTE radiative transfer model is

useful fcr prediction of radiant power spectra of mngnesium-alkall

nitrate flares, or, alternatively, these flares are a predictable

laboratory model radiative transfer system.
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INTRODUCTION
The purpose of this research is to characterize the mechanism

responsible for the large luminous efficacy of the magnesium-sodium

nitrate pyrotechnic flare and to determine whether radidtive transfer

theory predicts the spectral radiant power of different illuminating

f'. - with large variations of system variables such as formula, flare

diameter, and ambient pressure.

Preliminary research' showed that the major component of the

emission ,-nm magnesium-sodium nitrate flar-es is a continuous

spectrum, called the sodium resonance-line continuum. The emission

occurs in a broad but variable region on either side of the sodium

resonance lines. The resonance-line continuum from large flares at

atmospheric pressure extends for several hundred angstroms more or

less symmetrically about the sodium D lines, wntch are strongly

reversed. The spectrum can be characterized by a parameter,

i AW R = I'max - 'Q! , the difference between the sodium D line wave-

length k and the wavelength of maximum spectral flux density

•max located on the short wavelength side of the s-Aium D_ line.

The value of AW increases with increasing size of flare and

increasina ambient pressure. The reson ncc-line continuum is many

Krders of magnitude greater than can be attributed tc an_,, simple

conside-ation of Doppler or Lcrentz effects, suggesting that some

otiier mechanism, such as that provided by radiative transfer theory,

aL•st give rise to the resonance-';,ie continuum. Understanding the

m



origin of thne resonance-line continuuhm appearks at this point to be the

key to a mocre quantitative uinderst,ýdirtg of tl'.& radian-, flux from

magnesium-sodiumni r~itrat-c flares.

Further research1 coni~ared $.he efiergy rad-kated bv -the sodium

resonance-line corvtliomui wiith the energy ofthe flare reaction to

further characterize the -r-char.-:n that gives r"C otnsOotnum

Additionallty, an olbservod h-''luAr:raiiar4 nt poer em~ission

spectrum frcm a 11.8 cmui diametee flzr"_ at a-tv',spneric preesstire wals

comare tea &.pctrura preciic-tedi by -eiative trariS.F%3r of emission
cromparedfui- t i-e.TeH~erm t:

iro~ sd um~~li ie~.Th fl~if~e ~d iFYblcii foriwa'lism. waz used to

solve t~he radi-at'ivne transfer eqjuation. -The fla,2 waaiie*s repres-'-ýnt~

ed bY a model in which the f~aime is an istei~!atmOS~here and the

Plarick function., Voicjt fuanct-ln, arj deerxcit-7t-jon pro-1-b'-~I~ty

hav'i avrzraee valujes, inside the fla-e., IthAt. 3re iiadeoienilezt of

optica! depth T where i is the probabilitY per cclilaion that
an ef-itter will L2c dee.-cited by the C4D!IiSion. 7 C doublpt , ji;.! F_

"~nes at 589.0 and 589.6 rim were taken to be a sinole line with a-,

oscillator st-rena.ith of unity. Thbý Model yie'ded rasonable agree-~

iment betw-een the computed spectrum and Lrna experimenital sPectru:.1 of

a cm8 diamneter -flare woith high sodiurn atotni dens-.y burnitny at

~ -'t atmosphieri-C pressure. Moweve3r, the rmodel -is incapa:Ae of predicting

the spec &a 1 d ist-71buti on of the P 1 i1nes as a :--esol Y d doubl et- wi th

each of the D. and D_ lines strongly revzrsed at- line cerut.er as

eCNCirs in low PrL-Ssure-low scd-u', zto num4er %density claaies.



Frlthertore, the defects caused by this and the isuthermal assumption
were somewhat arnitrarily mitigated by treating I es an adjustable

parameter. Io overcone these deficiencies, a more detailed model was

needed w"Kich iocluded provision for a temperature graditent distrixited
radially through the flare flame, for treatment of the D lines as a

doublet, and for determining all •arameters of the theory from

ambient qlare conditions with no parameters to be adjusted.

The p~rpose of the present research is to formulate and validate

a two-line model of the pyrotechnic illuminating flare flame capable

of predicting the spectral radiant flux of different illuminating

• f',a•es fr-~m known system variables such as formula, size, and ambient

pressure, these having been varied over a wide range, and to do this

Witi,,out introducing assumptions which require 1 h.v modifications of

•the qJde~l to describe different flares. To do this w,, shall first

F. •e-nt experimental radiant• power spectra of three different flare

6ormulas burned at eight different ambient pressures. then jescrib:

the 4etermination of thermodynamic parameters; namely, ;,o.iumn atom

numnber density and adi fb:it " . . -ir--- aM ,fir,.a..y compare

the exper'r.nental snec-ra with radiai-t power speztra obtained theo-

retically u-ing a two-line radiative transe.r model of the flame at

local. thermodynamic equilibrium containing a temperature profile

distributed radially through the flame.
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EXPERIMENTAL

T The spectral radiant intensity of iMuminating flames fluctuates

con: p erably die to normal variables of ti'e flare manufacturing

orocess. Flare combustion also becomes in-reasiagly more irregular

as the ambient pressure is reduced. The sodium concentratica in

the flare formula and the ambient pressure were chosen to cover a
N wide range tO makic ,abev ity of tUie flar- radiative output sinaii,

compared to changes due solely to sodium ;oncentration a.d ambient

pressure. The effect of sodium c3ncentratinn and ambient pressure

changes is therefore completely us.ambiguous even ir. the presence

of relatively large flare output flu;cu tions.

Measurement Pa rametars

,ach vf three d;fferI:nt i'iuminatina nontposition formulas was

tested at 8 levels of Pre•-sure; namely 760, 630, 300, 225, 150, 75,

30 and 6 to,-r. ror earch pressure-formula combination, the burnitig

i•e., flame sizes,,- relative spectral radiant powe- distributtion

N in .+.he qf.ibie regio; waere rp,,ordd.

The test flares were composed of 50 g of a agre.Oiu -sod -!m
• ~nitra5 -binder wil

-e mxture coipprRssed into 3.3 cm. i.d by 5.5 cm long

*aoe. tvbe&, having formulas shown in Table i Fm.N-i-wa

2, and 3 are nea-ly stoichiometnc mxturcs_• the sodium nitrate _

groups 2 and S being .1 and .01 of gr-oup I respecti-Vely. S:oicIZi•,etry

Ug
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was maintained in groups 2' and 3 by additionl of potassium nitrate

chosen becadse it reacts v'itK magnesivs- at about the same rate as

scjdium nitrate znd because of its low-ennssivity in the neighborhood

o;,he Sodium D lines. tb1e region of intercst for these studies.

Expe-inmerithl Appara ~us

Fig. I shows the experimen'tai arrangement. The test flares F

we-e Positioned inside a 6 mn vacuum chamnber, centered between

Windows 141and It , the flares burnina cigacete fashion with

the fla-me Projeciting upward. Simultan~eously, as each flare bur-ned,

the camera viewed the flame -through window W_. and plate glass G

to record flar-a ý;ize. The grating sp-ctrcro --is used to record

the specira' distribution of thfe flame through apertU'-e A

window 14 , and mirror 'l. he buraing duration At was

iTeasured with a stopwatch. Table i!I contains f'iare burning time

averages ~.A lte-Ne CW laser and Ar ion DUIsC laser were used

to maintain aligpment of the spectrograph with the flare and to

py ovide wavelength cal ibration Dooi;ts.

A 3mr Jarrell Ash VMccel 3A-78 Spec-.-.ograph usir~g a 30 micron

entrance~ slit and fittl~d with a ;rackfi~o camera was pnsitioned to

view a 3 cm wide by 5 cmn high region of the flame defined by A

on the flare axis ca2nt-x-ed oT, a point -about 3 ciii above t0.he burning

surface. The optical p~ath was changed 90 by a reiraciable front



-6-

surface Dlane mirror M between the slits S and window W1

Kodak Linagraph Sitelliurst 35 mm ftlm dith typical usable range of

400 to 700 nm w;as exposed to the flare for a known time period chosen

to provid' film transmittance in the raige 0.2 to. 0.8 4n the vicinity

of the sodium D lines, the region of maximum interest.

Data Collection

Physical Fl.ne Depth

Each flame was photographed with a 35 mm camera using Ko.ak

Plus-X film through an ND2 neutral densit,, filter at f/4 lens stop

for 1/i25 sec. The exposure settings and 150 .m object distance

were constant for all tests. A grid of reference marks of kniwn

spacing, photographed while in the flare location, was used to

establish a linear scale for measuring the flame size recorded on the

film. The total physical flame depth z' was taken to be th.

distance between equal film density regions at the flame edge

perpendicular to the flame axis and through a point 5 cm from the

flare surface. The same film density was used in examining all

photographs.

Wave ienq-h Ca ib•ration

To calibrate the spectrograph film for wavelength, an argon

ion and helium-neon laser were exposed to the film providing lines

at 476.5, 488.0, 496.5, 514.5 and 632.8 nm. In addition, Na 0

4°



lines at 588.99 and 589.59 nm, Na doublet at 568.3 and 568.8 ,im,

I Na doublet at 615.4 and 616.1 nm, K lines at 578.2, 580.2. .•#.2,

and 583.2 nm, and the Ba line at 553.6 nm, appearing it! flare

spectra, were used as calibration points. The Ba line apears in the

flare spectra as art impurity originating from residue of the composition

used to ignite the flare. The iqnition composition was 10% boron

and 90% barium chromdte.

Radio•'t Power Detcyrzination

To determine the relative spectral radiant power of the flare,

it is necessary to apply corrections which represent (a) the

relationship between the irradiance working standard used during

the experiment and an irradiance standard traceable to NBS,

(b) the spectral characteristics of the window-mirror arrangement,

and (c) the relative power of the irradiance working standard and

th, flare. These three cortections appear as time ratios in the

expression for the relative spectral rad'ant power of the flare

at wavelenath' ,

'-k E •;)11 /t' 0)(t -D/t )(t to/tj) !

where k is a proportionality constant and E, is the working

standard irradiauce. Each of the time ratios is, in effect, a

calibration factor. The two times in a given ratio are those

required to expose the film to the same density for each of the two

sources or source arrangements being compared. The ratios are



measured at film positions corresponding t'cdcl, wavelenigth. lit

edcl! case, t x represent! the '[ine for d 1rect D os u re of h

spectrograph film to the workinq irradiance st-ardard , where xrl,2 or 3

The ratio (t,/t,0 ) compares system characterist~ics. The flare

flux pa~saŽs through wind.ow lei anid subsequently is reflected by

mirror M otito spectrogriap,'' slit S as shownt i~n Fi a. I . The

spectrograph film was exposed for time t. to the spectral irradiance,

working standard from posiltion F with mirror M in place. This i

cale sstm xpsue.The film was also exposed with !Zhe working

st andard in pesition L and wit~i the mirror M retracted. Thjs i~s

called direct exposure. The optical path ienuth was 254 cm iii each case.

Trhe transmittance T of the window and reflectance n, of the

mirror are taken into account by t+ The cmaiso ft t

the time t0  for direct exposure of the film to the wor'king

stEandard is in effect a correction for losses due to the winidow and

mirror.

Theraio (t 0/t )compares tue working standard irradiance to

that of the flare. In each case, the film. was exposed to the flare

for, a known time period t chosen to provide film ',ranswit-tance

between 0.2 and 0.8 in the vicinity of the sodium D lines. The

ratio (t '/t 'I compares the working standard direct expos.are to

NBS irradiance sotandard direct exposures.
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To cbta4n e,'esat tg.Ie --arious times needed 'LTo evaluate each

oF ýhe three ratio, ýxo-,e were placed rin each film In a sim-Flar

pattern. Each f2rn Lcitained- on~e exposare of the source or source

arrange~nent to be a rd mulitiple timie exposures of ref-

erence source The i s- c~ exos!. , tim~es were c'hosen to ,rc ude

tra uriierand lowr lr~i, u 4~~ dn~ -y f r the source exposure.

To determine the ratio (t, It rr ý1-31abe of ti, fc~r a

working Ytandard. direc;,. exposure havimw yil-ae film den~s,tv as thL

working standartziy~tr exposure It. Is P'ntc-rpoiated from the viaricus

reference expoisures of t .To determinie lthe rai t 't * he

value of a workina, standard direct exposure tire t for a reference

exposure havitig the saine film density as the floýe expsure -is

kinter-plaate6 from the various reference exposures t-`, -o deterwr.ine

t,,tI. thMe Vd]Ue Of t 3for an NBS standard direct -2xosure havina-

the ame ilm en"iy as I-he working standard direct expos~i',e

is ir-terpolated from the various exposures of t, .

To10 o~teinepltos the tranzmittapce 7 of each-' of

exoosures on, the film was measured with a SCdnning densitometer.

Transciittance values of the n reference source exposures we:,e used

to construc , t a calibration cur-e for t-he film for each wavelength

intCervaI Ax(IJA -ý A) lý A), The irnterval was det-ermined by the

resolution required. The calibratien cuirve, a pilot of filmr transmittance

T agains~t log tn -where -is the exp~sttre time for reference
10 Xcn'

A. soorce n, is rougnly linear aver the useful ranIa. By interpolation,
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Sa time (t• °, t.or t) is found witere tne film densites of the

source and reference exposures are equal. That time correspond., to

t t or t 0 of the source exposure respectively. The; times t ,1 2

t , and t found in this -manner are used tc evaluate Eq. (Ii,

Data Averagino

The film transmittance data from the densitometer fiuctuated over

a range of about 10% of the mean value due to film inhomogeneities such

as graininess and emrilzion blemishes. To ninimize these fluctuations.

"the data were smoothed by averaging adjacent wavelength r-Isitions. i

effect, the procedure was to record spectra at higher rez-olution than

was actually needed, then apply to the resultant data a mathevatical

sl#t _u•cion whicn was wider than the physical slit width. In this

running averagc method, the i-th value of the transmittance is

rj=i+k
T-)/2+ ' 1 , 2)

L

A.here i - I k+), 143, , r,-k and n is the numb-er o' data

points in tne spectruir. The slit function parameter, 2k+l, is the

number of data points over wihich the average is taken. This is made

as iarge as needed to achieve desred smnothing without distorting

the spectrum.



Dlata averaging was kept to a minimum. Smoothing w,3s performed

on tie spectral correction data resulting from 'the prcduct of E

It /t,)) and (t 0 IOt) using k=5. In this case the average valie of a

point was influenced only by data within ±5 A. Individual trans-

Mittance curves used to determine the abi-1e ratios were not smoothed.

Transmnittance values of the multiple reference exposures of the

working st'andard used to o'ltain t were averaged using k=4
causng nl. flun-ethe verged alu. N

causng nlydata within A A to ~funeteaeae au. N

-; ita averaging was applied to any of the, flare exposures.

Results

Relative r-adianr -ower spc~ty-c. of typical flares for each

press uire-foruiul a combination are plotlted in Figs. 2 and 35. Relative

power spectra of ali the flares tested during the present research are

-Iote ini Apper,-,x A. 'he solid curves in Figs. 2 and 3 are tht experi-

mrental data. lhese spectra were normnalized so that the peak value is

unitv for conveniencc. in Ithe first, step of the theoretical comparison.

Spectra were not: obtained for Formula groups 12 and 3 at 6 torr because

the flares did not sustain combustion at this pressure. Group I flares

at 6 torr barely burned. Combustion difficulty was vis*u.Ily observable

for all flares ,tes-ted at 75 torr or 'less. The lengthen-ing of the flare

burning time (decreasing burning rate) wi*Lh pressiore reduction is shown

in Table 11.



The relative radiant power 4.' of each flare was obtainr2 by

numerical integration of the flare relative radiant power spectrum

SA (before normalization) over the wavelength interval of interest.

Because the radiant intensity of these flames fluctuates considerably

even under normal conditions, flare radiant power vil'jes are most

difficult to pin down, particuiarly at low c essures vhere combustion

is especially irregular. Nevertheless, flare, radiant power values,

relative over the whole family of flares, are plotted in Fig. 4 for

4 comparison with theuretically predicted power values.

Parameter AW , the difference between the sodium D

resonance wavelength x and the wavelength of maximum spectral
R

flux density at shorter wavelength than x , was obtained directly
R

from the flare radiant power spectrum 4,,'. Values of AWA

for each pressure-formula combination are plotted in Fig. 5

where they are compared with values obtained theoretically.

The flare spectrum half-width AW, , measured directly

from, the flare power spectrum 4• , is plotted in Fig. 6 for each

pressure-formula combination. The flare spectrum half-width, like

the radiant power 4' , fluctuates considerably during normal flare

burning. For this reason, representative half-width values are

difficult to obta 4 n. Furthermore, an ambiguity in the definition of

,W•' arises at pressures low enough for each of the reversed comporents

of the Na doublet to be resolved. The nature of the ambiguity is

resolved in the discussion.



The physical flame depth z' of each flare was measu~red from the

photogr-aphic negative of the flare flamie. Values (if z' range from

6 cm for formula group 1, 760 torr to 2.5 cm for formula group 3, 30

torr, a rather narrow ranige considering thle large range of ;Zxperimenta',

conditions.
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DETEPUMINATION OF THERMODYNAMIC PARAMFTERS

To solve the equation of radiative transfer, it is .iecessary

to know the Flame optical thickness and flame particle velocities

which govern broadening half-widths. These can be calculated

knowing values for gaseous sodium atom number density in the flame

NO and adiabatic flame temperature To. As far as the radiative

transfer model is concerned, knowing T0  and No are therefore

necessary and sufficient conditions for solution of the transfer

equation for the model to ie described.

Values for these parameters could be obtained relatively

unambiguously. The equilibrium composition of the combustion species

(mole fractions) and the adiabatic temperature were computed using

the computer program developed by Gordon and McBride. 4  The program

uses a free-energy minimization technique to determine the dynamic

equilibrium flame properties. The calculation recognizes condensed

as well as gaseous species. Thermodynamic functions such as specific

heat, enthalpy, and entropy are calculated as functions of temper-

ature for the reactants and combustion species, for solid, liquid,

and gas phases. These are incorporated in the program in the form

of least squares coefficients, having been derived mainly from data

taken from JANAF Thermocnemicai Tables.$

Using ambient pressure, fla-e formula. and enthalpy values of

the reactants as input pdrameters. 4 the adiabatic temperature

T and the equilibrium cotmposition were computed for each pressure-
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formula combination. It is estimate.' that 33% of the hedt Af combustion

of tre material in the observatinn region Is tost throuqh radiative,

convective, and conductiv proc.lssc. This loss bears a reasonable

" relation to the 25% reported' for flares if larger size.

The ratio of gaseoUs atomric sodium mole fraction to m.ole

fraction of all gaseous species is [ the atomic sodium partial

_: pressure being the product of ýi with aibi,.,,. j.:r . ;

nurmber density of ga0eou .= ini a .... : the flame was

computed by the ideal gas equz-tion

No 'pl/R, ,(3)

where R is the ideal wa constant. Values of T and N0

are provided in Table N frr each ambient pressure-fnrmula combination.

= --4



THEORETICAL

The Radiative Transfer Equation

ifusien of radiation through a gaseous atniosphere produces

beha.vior that is qualit.•tively similar to that of the observed

resonance-lin;e continuun. Whan the gases of ths flame are transparent

only in the ,r.i- -i of extree s1ir, g pr--fil- :"IxdmS

develop on either side of the line and a nminimum developc at theo

resonaince position, where the optical depth is greatest.' However,

the broodening observeo in pyroteLhtic flare flames can be extra-

oro, ary in • n "parison with that which is notnally treated by

radiative transfer theory.

A radiative-transfer mechIanism was tested by numerical

M inteeratiin of The transfer equa{ion6 using parameters in the range

of thoe e;pectea i4 flares of w~dely different formulas burning

-t aibient pressures ranging from 760 to 6 torr. The total i-adiant

intensity !,(t) at frequency ' in a direction described by

= cose and issuý,-g from a %roldine element at optical depth is

given by the radiative-transfer' equatio:i

i dT (-)/&d Ti• (-) - (4)

where: , cos: 4s the cosine of t0a a-g;e of'observation with

r:espect tr. t-he outward noznrwl to •be fl-me surface. A 4.elai'el
deriva{,Tn n&• •erm1n tratim*,, of t'. t,,-nsfer equation is

given in Appendix B. Thf opt"cal depth is related to the

1i•
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physicalu, dr!pth z by !k dz , where k is the absorptivity

of the flame. Tile ncrmalized spectral profiic of thL ,bsorptioi

coefficient e is a function which takes account cf the flame

line broadening mechanisms. Parameter a will be defined later.

The line-source ftu',tion S( 1) accounts for increments or decrements

bin tne radant intensity froo a volume element at optical depth T

due to emitters and absorbers wit'iin that ,'olume eiement. It is

defined at a given frequency by S A /k where is Ihe
V V

monochromatic v.olume emission coeft.icint.

Formal integrmtion of the transfer equation yields the expressice

where T, and - are the optical depth int+gratioi !-:mits from

fre;•.5 to ,e aer n t"he atmosphere respectively, and I

! are Uhe spectral intensity at &#tical depths T and T

respectively. ir. order to solve the transfer equation, for the observed

ird iafit Inter-sity, tho f-.2r is represented by the fdlowiing model.

( !) ;h flame is a homogeneous gaseoujs at,,osphere with plane-

narai el stratification.

S) The gas consists of inert molecules plus sodium atoms
which can De excited to thŽ 'PI or IP level.

(3) Tiere i .loc.l thermodynamic equilibrium UT •;e.-,e• by

tOe loz.al temperature.



i ~-1I8-

(4) Energy excha;nge by rad~ation leads to radiative equilibwrium.

(5) The refractive iThtcx of it'e Pedium is unity.

(6) The radiation is uopolarized when emitted 4nd remains

unpolarized in its interactions with flame spefies.

(7) The teniperatu:a grad'ent can he- repr.sented by a parab-n16

whos.e :ert' x is a t i:'e c Ftei' of thn fhm z

(8) Th:• absorption profile a arid t.umber density" -f-sodium

atoms IN have average values, inside the f-iame tt.at are

independent of T

The form of Eq. f5) has been simplified for the piesent case.

(a) The observed flux is that emerging normal to th=" surface (,=I).

(b) No flux is incident ot the-rear surface of the atmosphere

I,,_-0). (c) S.r) = B.,(T') for the LTE case. The Planck function

-~ is

=VTI (2)v /c2)[exp(h.v/kT"1-I]-'6

where h i5 the Planrk constat- c is the velocity of light, k

is the Boltzmann constant, and T' is te finame temperature at

flame optical depth U. nder these conditions, integrating

from the front surface, where z and t are 0 , to the rear

surface where T_ =2 the total optical thickness, the niono,:nromatic
emergent intensity is

i tensity

m "i



Theore-tical velative spectrafl radianlt nower ;-,proportion~al

to snectral eirergent intensity I f or a particular model , w~is

-fouind by ittmerical ~n-egrattioni of Eq. (7) on~ CDC 6600 digital

computer using Simpson's rule of 4m intervals' described by

h7 905(4f(x)dx h ~ ff(a)i-f(b)+2 ~'f(xzi)+;4 L (x2 ~) 1 ~I (u), (8)
'a Li i=1i lo

whare mrno is -an integer, A (b-a)/2m, and - a-'ih for

P0,, -- ,2~.The Fortran progeam is listed in Appendix C.

Each c,)Piputed spectrum ~,normalized so its power maximum;

is unity, was plotted for comparison with the corresponding

experimentally determined flare spectrum it as shown in Figs.

2 and 3. The total radiant power ' of the theoretical flare

pectrum, plotted in Fin. 4 for each formula-rsrecninti,

was obtained by integration of 0ove- the spect'ral frequency

r~egion of interest, the lattter having beeai multiplied by B % (T)
0

where is the line center frequency. Parameter AW, the

separation between the wavelength of maximum flux density and the

sodium.1 D_. line wavelength, and the spectrum half-tiidth "'W., were

each mieaSured directly from t~he theoretical power spectrumi 4,A

Pa.ram~eters -SW and AW are plotted in Figs. 5 and 6 respectively

for cciniParison with the corresponding-experimental parameters

21;z' and '..W
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Parameter3 of the theory that must be suppiied from properties
of the flame are !a) optical thickness 1(z) as a function of

position in the flame, 'b) a flame t1enperature gradient T'(z)

as e function of position in the flame, and (c) the scattering

profile a parameter in •,.a" Relative radiant power spectra

were computed and compared with experimental spectra. it rp-ixains

to show that combining these values with the model are, in fact,

consistent with properties of the fame.

Justification for LTE Assumption

A source function which does not assume LTE can be expressed

in terms of the radiation field as

S ( r(l-yi J(v,';V,•r) a(v') dv'] + y B-0)
-Jo

where the mean intensity J is the simple average of intensityVT

over all solid angles, , is the frequency parameter out of the

v' frequency set, and the probability per- collision of collisional

deexcitation of sodium.

Y C/AC +A fi- exp(-hu,/kTo)-}, (AT )

.relates the rate of collisional deactivation C to the

Einstein coefficient for stimulated emission A For the

sodium D 1 nes• A = 0.65xI0 8 s- Hummere observes tnat when
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has itF naxmi~l value of unity the source function Sai -y, t becomes

t'he Plarkck function i~('.ieLIE is vad The deternimnratiroc

of C will bn described "ater. hInt following, it will be

Shlown that a value of l iarg en'ough (nearl'y unity) to Just";

an LTE assum~ptvon exists at i'oth experimental extremes of ambient

pressure and sodium, ?toxi, numbIer dpnsilty.

In tn'e case where the aiib'ent' pressure P -760 to,-r. the adiabatic

te~fljperature To 91939"K, and the sodium atom numbe- density is

No= lxl&1 cmi v i s about 0.25 when nitrogen, a major flame

speces wth relarively low quenching crozs sect;ion, is the only

q~ching species considered. An even larger value of ý is

obtained when otCher flame species with larger quenching cross

sections toan that of nitrogen are considered. Under conditions of

high teniperat-Lre, ambient pressu-e, and soeviu'm at-c~nm bo IdenSi ty,

tzie value of is sufficiently close to unity to justify the

LTE assumption.

At the experimental limit of low pressure, t1ehmpnerature, and

sodium atom number density where P = 30 torr, T, =' ?r000K,

t'l 4.6x10O4  and IN- as the effect~ive quencher, is about ).43.

A more realistic flame species mixture, predomidnantly of N_, CO, and

r0~ ha nefective quenchina cross section of 40xlOD m'. Fo

this mixture, the value of is about 0.61l. In order for t h.e

'-Tr assumption -to -le val id in this range of vc~lues of ,itis

necessary for tne terms of Eq. (9) to balance in si-ch a way
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that the resulting source function S (,) equals the Planck function

B,(T' ). Values of S V( ) were compered with B\(1 ) by the HIummer-

Rybicki formalism.- Some typical values of tbe source function

S. (-,* at various optical thicknesses for y 0.5 and a 0.01

are listed in Table III. Except near the flame surface where the

. optical thickness is very small, the source function SV is approxi-

mately equal to the Planck value making the LTE assumption acceptable

i•, this experimental limit as well.

In order to determine the value of Y by Eq. (10), the

rate of collisional deactivation C is needed. C, can be

equated to the number of quenching collisions per second Q.(T)

given by Hooymayerso as

C •(T) = •(T) :nj v j(l
212

where n. is the density of ti'• quenching flame species, v is

average relative velocity of approach of the colliding species,

and aj is t;ie specific quenching cross sectien. When the sodium

atoms undergo quenching collisions in a mixture of flame molecules

of different species, the auenching frequency is given by'

m

C21 (T) Q2 ,() (T/ n- vj (12)

j=l

where j represents various species of flame molecules. The

relationship' 3 which r'escribes v. is
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-. -~ ') + )' ] (13)
v3 NA [( + '

The mean speed v , of the sodium particle and the mean speed

vj , of a particular species j of quenching parrticle is

VNA' V. (8RIN /1Tj)2 , (14)
NA A 3

where N is Avagadro's number and Mj is the molecular weight
A3

of sodium or species j as appropriate.

The ideal gas law was used to estimate the number density of

quenching flame species n. . Values of the specific quenching

cross section o1 between Na and quenching species N, 0 , ".
CO, CO and H 0 are 8, 34, 21, 41, 50, and 2.2xlO- cni2  respectively.'

The dependence of a. on temperature has been reported" to be not

much stronger than . T-1.
!_3

!



Canstructi,-n of 2-line Voigt Function

Und~er conditions of low pressure and low sodium atjirn density,

it ýs necescary to solve the trans~fer equation simultoneouslY

ar both of tre sodium D lines in order to dcescribe spectral

c'4st-i butions . One alternative for doing this is to replace their

irn6;vi~ual d ispersion, Profile in Eq. (7) with ý4 21-line function

V ~Th-Iis approximation iss valfd because the D lines are strongly

t hereby maintaining their relativ,ý strengths. A 2-line

4Voigr fvnction oroffik is therefore applicable to the entire

Ore~i'v an soiumdenity rdnge encountered in the present researcli.

'he 2-, ;ne Voigt function, V if (v), was constructed n-umericallya

by generatin the funct'.on for each lin~e separately using the

Proceduret-scbdb Huinmier," týnn suminmng t~iem.

whnere V ( andu ~ a re single line Vo~gt- fujnctions, tbotri with

the sa~me valueý o' ~ cantered on, the Na D and D) I~re center frequency

respectively. Oscill~tat' strengt! > and :~of the Na D and

D li.-es are 0,312 and 9.624 respectively.'' Function normalization

and relative lin~e strength were m~aintained by multtiplying V *()by

oscillator strengths whose weighted sum equals unity.
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Superposition cf groadening Mechanisms

When the line is broadened by several independent effects, the

distributions found for the individual kinds of broadening must be

superimposed. The mathematics of this superposition is complicated

by the fact tlhat the functions which represent broadening fail into

two classes, dispersive and non--dispersive. A superposition of

dispersion functions results in a new dispersion function having

a half-width equal to the sum of the half-widths. However, if

heterogeneous functions are superimposed, each point on one interacts

with every point on the other. Such superposition, referred to as

convolution or folding, of a Lorentz with a Gaussian distribution

results in a single line Voigt function

Va( f) :[ f - y) dy (16)

where f (v) is the Lorentz type profile and f(,) is a Gaussian

distribution. 14",1

The normalized forms of the three functions areo',"

f(u) '( + V2)-l Lorentz (dispersive)

f (v) n exp(-v_) Doppler (Gaussian)
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-( = eXP(-Y+)dy Voigt (combined) (19)

where v is the frequency measured from the line center in units

of Doppler half-width and a is the dispersion parameter defined

below.

Voigt Function a Parameter

The Voigt line profile that is used must take account of all

of the factors which contribute to the line width in the absence

of radiation transfer. Line broadening mechanisms which were

considered in the present research are (a) natural broadening, a

consequence of the Heisenberg uncertainty principle, (b) pressure

broadening of both Holtsmark and van der Waals types, the result

of collisions with like and unlike neutral species respectively,

(c) broadening due to quenching collisions, and (d) Doppler

broaocning due to the relative motion of the radiating systems and

the observer. 9'•''1 Pressure broadening caused by charged perturbers

(Stark broadening) was neglected, the degree of sodium ionization in

the flame being swiall as shown by cor.putation of Na+ concentration

fl using the thermodynamic computer program developed by Gordon and

McBride 4 as described earlier, The collective effect of these

broadening mechanisms is accounted for by the Voigt function a

parameter obtained from the relation
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K. [(AX + AA + J.A, + AX )/V ](ln2) 2 "(20)

where AX , A , , , and Ax are the natural, Lorentz
N L 4I

(unlike particle), resonance (like particle), quenching, and Doppler

line broadening half-widths respectively, each to be evaluated

separately below. The value of a evaluated by Eq. 20 For each

of the three il-uminating flare formulas is 6.8, 1.3, and 0.65 for

Gnoups 1, 2, and 2 respectively at 760 torr and at conditions of

the flame center. The values selected as the average value of a

in the flame are 1.2, G.4, and 0.3, which are in about the same ratio

as the values at the flame center.

Values of a for other ambient pressures P were obtained
by a. = P1760, since the dominant broadening half-widths AX and

p L

aAR are linear with the 6mbient gas pressure.'e

The equation for Na D line natural broadening half-width is

AA(A) 10 X "/2TC0c =08 A A/,/2-c (21)

where = is the state lifetimE ind A is the line center0
0

wavelength (cm). Ax is 1.2xhT 4 A for the Na D line.

The Doppler broadening half-width for the Na D. line is given

Oy

k 0 I

A, :2xi08 [(2 R 1 . I r••

AX . n2,, /c"Ao To/t)4 , (22)

.;.here M is tne sodium molecular w'eight (g). •,x 0.0477 and
0

0.0474 A at 7 2939 and 2905'K respectively.
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The collisional broadening half-width due to unlike species is

given by

0i

(A) = l018(. 01o/c)o n j2,1kT [(N /m)+(N /M)]1 , (23)

where • is the optical cross section (cm"), n is the number

density of perturbing species (cm- 3 ), and M and m are the

molecular weights (g) of the emitting and perturbing species

respectively. Rearrangement of Eq. 23 leads to

rx (A) 10x•( c'2 1C,,)- n (8kT N hI , (24)

whiere [(n)/(I+M)] , the reduced mass. If the mean relative

velocity of colliding species (cm s-) is

=(8kTN..) M, (25)

where j is the species index, Eq. 24 can be written
0

"A (A) 108(x c n . (26)
L 0

If all non-sodium gaseous species are taken to be perturbing species,

an upoer limit is n = N - N , where N (cm-f) is the total

number density of the gaseous species in the flame computed from

the ideal gas law at T At 760 torr and using , L 60x-0-6 cm'
0 L

(reported by Hofmann and Kohn"'), • 0.023C, 0.0371, and 0.0386 A
frdL

Sfor formula groups 1, 2, and 3 respectively.
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S -The resonanc3 broa-ieninq half-width, resulten from interactioN,

berwee.i like particle:- at ig') gas (Iensities is 2

A\ (A) .,L J/ N 4(27C)e)

where e is the eeenentary charce (cm, s'I and e is thee:lectr)n•r• mass lo'. Broaderinn d.u n- L
au. to rer'nan-e interaction of

like particles is c';pendent on the inverse cube of moiezular

separation whereas tie broadening by two unlike particles un6er

JiE same interactfun force has an invorse sixth power dependence

on the molecular separation. 1 - Resonance hýruadening per ato. is

therefore very large. At 760 torr-and F =1.0 for the Na doubiet,
0

calculated values of A> are 0.442, 0.049i, and 0.00486 A it

N, = l.OlxlO°' , 1.lOxlO1'' , and i.llxiO'6 cr.,- for formula group?,,

1, 2. and 3 respectively.

Hooymayers• describes the quenchino oroces.- as a shortening of

the radiative lifetima. T!'e equation for quenching hine had-width

ýiD A)- 10' + Z (T)]i29•c (28)

Calculated values of Ax, are 0.00'14., 0.0022, and Oýr,%7 A at

760 corr for fo.rmula groups 1 2, and 3 resp>ctively.

.4
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Opt ical Thickness

To evaluate Eq. 7, the opticai thickness at physical depth z

of the sodium resonance iine is

-r(z) = (h.0 /(4v A, ))(N B -N B )z , (29)

where 3 and B , the Einstein absorption and induced emission

coefficients, are ýqiual. The number density NI and N of
I

sodium atoms in the lower (f"S) state and ,'pper ( 2P) state,

respectively, havw average va-ues inside the fl~ne independent of

flame depth !(cm) . The Doppler half-width i, is in unizs ofD

frequ-nuy. N ar.d N are :eiated ;:o N by the BoltzrannS~0
factor, exp.-h•/k, ) whePe N h and N, is negligibl in

•- i-•9G:iscn to N .Total wpticai thl--,iess 77 is obtained

from Eq. 29 when z equdls the tc-W physical flhme depth ',

i.e. T = T(z').

Radial Temperature Proille in Fla.,e

The mass flow of a flare flame is characteristically llong

t-he flame axis. The optical path of interest in this -.e.earzh

is along the flame radius, pe•p-ndicular to the mass flow. The

radial teempe.atu;'e gradient TV(z), along the optiaýa path, is

needec Fir evaluation of tihe radiative trlisfer eg-iation where

T:(z) appears as a parameter of the PI.nc_ fL-nctio1.
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There are two -.ypes -zf flante boundat-ics zjf int&erest here.
The phy;'ca b~ovndary is deffine ast lcto 4teiterface

ebeti-'-een the am.ýient dir and the fla-.ire medium coiitaining sodiun.

atem-c. Thva opt.ical ý-,undary 4s defined at the location in the

flame medium where luminescence ceasesl. ThIese boun4aries are

not far apart physically. The temperature of the phy~ical boundary

nrust be be! n-w that of the optical bou.ndary.

The radiative transfer calculation is sensit ve to the trinperature

profile and physical bounaary te'mpe.-ature. Parabolic Itemperature

profiles have been reported21 for high temperatui-e media whose

composition can be likenied 'to th-a flare Flame. Lkewis and von E,.be~

reported that sodiumi D line emission disappears below 17715 0K, providinq

a i-.emperature estimate for the outical bo-jridarv. LowWe' assigned a
ternp~-a~'o4o-000K tzo the physical (outer) onayofýdskg

in s3d i um vapor, B~sed ont th7 above inforrnitf on, an appr-eximately

parabolicI temperature g;-ad'ent T'.Izj a constructed nuineriý.aijly t~o

Simulate the raliat 4temipernure gradient in the flare t1ame. A 12:ýO";
physica0 boundary teirperature was 'i~ed. Tký ir-,~perature at the vertex

of the paratola, coincident wtith th-e f1arte center k(z'/2), was az-siq,,ed

cqual to T0 the ad'abatic t~mnerature.
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Theoretical 0, and experimental ,' relative radiant power

spectra ere plotted in Figs. 2 and 3 for the three -formula groups

at 8 levels of ambient pressure. Visual comparison of 4 with
Sfu, each pressu•~-,formuia combination shows that the distribution

compu'ed froin theory agres quite well with the experimental

distribution. A more detailed comparison can be made by considering

relative values of three parameters which serve to characterize

the spectrum. These a WPe :IW ati tW., t,, diitance from the

sodim Dm line wave;tngth to the wavelength of maximum flux density,

-W, and AWIo the spectrum lzi f-width, and c and , the

relative radiant power of the sodium D line emissien, the superscript

prime denoting the experimental parameter.

Some additional features appear in the experimental spectra

shown in Figs. 2 and 3. These are (a) MgI -p3 P - 4s:S tr3nsitions

at 5ib.?, 517.3 and 518.4 rim, (b) Na! 3 p2P - Wd' and 34P 5s2S

transi*c•ns as 568.3, 568.8, 615.4 and 6G1.l nm. (c) KI 4p•P - 7s•'S

and 4p•P - 5d 2 D trarisitions at 578.2, 580.2, 581.2 and 583.2 rim,

(d) a diffuse nand, a•out 5-nm wide, with maximum near 574 nm

tenti.tivc-iy assigned4 as being due to K emission between at,

zimer levol bound state to a lower level repulsive state, and

Ce) a -?- 6s'S - 6p'P trsrsition at 553.6 nm, barium being ai

4i..m-ity ra_•,ining from the bdrcn-barium chromate cOmpositi'on ,cPed
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to ignite the flares. No attempt was made to predict these features

t theoretically. Or, sodidm U line emission was treated in the

radiative transfer model,

Careful visual examination of the radiant power spectra in

rigs. 2 and 3 reveals that at line ceniter and in the region between

the two sodium D lines, thi~ory predicts less radiant power than

that observed experimentally, particularly when N. is greater

than 10. This difference is expected because the model uses

average N. for all flame regions and does not take account of

subbtantiai depletien of N0  (hence N) near the flame boundary

as sodium atoms react with air to form Na.,0 and Na 0Q. In the

1ine wings, the experimental power tends to be greater than that

theoretically predicted i., several cases particularly at higher

NO bccuse -of cotinuur" radiation from condensed flame species

such as solid magnesium oxide (fr-oke),

Parameters .1W for the theoretical and 6W for the

experimental spectra are pi•oted irn Fig. 5. Except for the group i

-for&,rja at 3 torr, where fPare combustion was quite irregular making

'the experimental value doubtful, there is good agrcement between

the two vaL~es.

Mhe theoreticalL W, and experimentally measured AWj'

half-widths of the radiant power spectra are plotted in Fig, 6 for

comparison,. Each of the continuous solid lines represents tha

t heoret,.cally determin3d half-width of sodium resonance lines

I
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taken as a doublet. At these pressures and for these formLia

groups., the indivicual .odium 0 lines overlap to such a !arqe degree
that a half-width of the single l ine cannot be determrined

frown the- spectra. The dashed lini and the individ.ial points in

Fig. 6 correspond to spectra in which half-width values of less

than 10 angstroms are ob~e;ved. In this region, over.a between the

sodium D lines is small enough to require determination of the sing.e

line half-width. Although parameter AWI' fluctuates consid,-rabiy

while the flare is burning mnaking •i representatýve value difficult
to obtain, teie is good agreement in ell case-between the theoretical

and experimnental values plotted in Fig. 6.
The theoretical @ and experimental •' total radiant power

emitted in the region of nae sodium D lines are plotted in F:g. 4

as a function of ambient pressure. • and &' both decrease with

irassure, but, the difference between the i And '' incree.es

as the Dressure decreases. Additiona7lv, substantial dispersion

"of the experimental data is evident. Three factors contribute to4
the observed differences. First, combustion irregularity and fluctu-

ating emissive flux were visually observable for all flares tested

at 75 to',r or less. These difficulties became more apparent as the

pre---sure wes re.!uced. Secondly, during the low pressure experiments.

tne intense radiativo zone of the Iamee was visibly displaced

outside the region vieawd by the spectrograph., resulting in

low powear values foi o'. Finally, as discussed ea!.1ier, t LTE
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approximation is least acceptable at the lower pressures. The

increasing-deviation from LTE as the pressure is reduced makes

assignment of the Planck value to the peak power increasingly unreliable,

leading to overestimates of power values for o. Even in the presence

Jf large lfare output fluctuations and increasing differences between

@ and V at the low pressures, the agreement between experimental

and .heoreticai data is acceptable.

In summary, it has been shown that the spectral radiant power

distribution of a pyrotechnic illuminating flare flame can be

predicted by a two-line radiative transfer model which has been described.

This can be done without introducing assumptions which require id ho'

orKdifications of the model to describe different flares. Knowin system

variables such as flare formula, flare size, and ambient pressure are

the necessary and sufficient input needed for the theoretical prediction.
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TABLE I. Flare Formulations

Formula Groups

Ingredients 1 2 3

Magnesium 44.0a 40.4 40.04

Sodium nitrate 51.5 5.15 0.515

Potassium nitrate -- 49.95 54.945

Epoxy binder mix 4.5 4.5 4 5

"Percent by weight

7
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Table II Flare mean burning time, computed number density of
sodium atoms in flame, and computed adiabatic flame temperature
of 3 flare formulas at 8 ambient Pressures.

--- Flare Formula Groups
Pressure Quantity 1 2 3

eFt sec 28 28 26
760 N cm'- l.OlxlOI' l.lOxlO' 7  l.11x1OI8

torr o
T Kelvin 2939 2905 2904

C

S31 30 33
630 N 8.46x10' 7  9.20xi0' 8  9.26xl0'

torr o
T 2920 2G87 2886

At 30 35 37
300 N 4.08xC0 7  4.44xIQ01 4.47x10'-

torr o
T 2842 2816 2815

0

At -- 38 39225 B17225N 3.C8xl017  3.34x0116  3.37xl0'-5
torr o

T 2812 2788 2787
0

At 35 41 44
i50 N 2.07x101" 2.24x10"' 2.26xl0,'

torr ,

T 2770 2748 2747
C

3t -7 45 47
75

N 1.05xlO' !.]4xlO" 1 •lxIO1torr
2698 2680 26709

At 52 59 66
30 N 4.29xI016 4.65xI0' 5  4.65xl014

torro
T 2606 2592 2591

0

At 75 ....
6 N 8.90x10' 9.63xi014  9.70xM0OM

torr
T 2453 2443 2442
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TABLE Ill. Va~ues of the source function S(T) as a function of depth

-e when y =0.5 and a =0 01.

0.7070 0.0 front of flame

0.7288 0.!

027919 0.5

0.8,98 1.0

0.9540 5.0

0.9803 1.OxlO'

0.9961 5.OxlO'

0.9973 1.0xWO•

0.9!j57 5.Oxl0

0.9991 1 OxlO'

0.9994 5.0x0 3

0.9996 I.OxlO4

0.9997 5.0x10 4 flame center

0.7070 1.0x]0 5 rear of flame
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Fig. 'I. A schematic of the exper-imental set up.

Legend: G - glass plate, W W- windows, F - flare,

A - Aperture, L - irradiance standard, M retractable mirror,

and S -slit and shutter.
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Fig. 2. Aliluminating Flare Flame Spectra for formula groups 1, 2, and

3 at 4 levels of ambient pressure. Theoretical relative rAdiant power

value5 ý, are indicated by boxes (m). Experimentally determ, ined

relative radiant power values t, are Thown by the solid line.

-, W

N
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SFig. 3. Illuminating Flare Flame Spectra for" formJla groups 1, 2,

and 3 at 4 levels of ambient pressure. Theoretical relatlie radi•-nt

"power values 0 A a;e indicated by boxes (a). - xperimentzily determined

relative radiant power values ,• are shown by the solid line.
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Fig. 4. Theoretical ÷ and experimentally measured t' flare

relative radint power as a function of pressure. P values are

shown for formula groups I, 2, and 3 by the solid lines ar~d €'

values ar-e indicated by 0, and X for formula groups 1, 2,

and 3 respectively.
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I

Fig. 5. Theoretical 6W and experimentally measured LW ' widthsR

between sodium D resonance line cEnter and wavelength of maximum
2

spectral flux density as a function of pressure. AW values are
shown for formula groups 1, 2, and 3 by the solid lines and AW
values are indicated by CA, and X for formula groups 1, 2, and

3 respectively.
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(

Fig. 6. Theoretical AW and experimentally measured AW' half-

widths of the radiant power spectra as a function of pressure. AW.

values are shown for formula groups 1, 2, and 3 by the continuous

solid line, the single points, and the dashed line. AW,' values are

shown by Q , and X for formula groups 1, 2, and 3 respectively.
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APPENDICES
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APPENDIX A

RELATIVE POWER SPECTRA OF ALL FLARES TESTED
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are normalized with the peak value equal to unity. The log.- of
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Figure A30. Relative power spectra ofl test' flare 9.62A, formula
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Figure A31. Relative power spectra of test flare 262B, formula
group 2, burned at 630 torr ambient pressure. The top two spectra
are norme.lized with the peak value equd to unity. The leg., of
+the spectral power is plotted in the bottom spectra. Flare formuh3
grouo 2 contains 40.4%u magnesium, 5.15% sodium nitrate, 49.95%
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the spectral power is plotted -in tthe bot-tom spectra. Fiare f-ormula
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are normalized with the peak value equal to unity. The log,, of
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Figure A47. Relative power spectra of test flare 35 •,formula
group 2, burned at 30 torr ambient pressure. The top two spedtra
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Figure A48. Relative power spectra of test flare 41 formula

group 2, burned at 30 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, of
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group 2 contains 40.4% magnesium, 5.150 sodium nitrate, 49,951%
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group 2 contains 40.4- magnesium, 5. 155 sodium nitrate, 49.95%
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Figure A55. Relative power spectra of test flare 147 , formula
group 3, burned at 760 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The logtt of
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group 3 contains 40.04% magnesium, 0,515% sodium nitrate, 54.945%
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*Figure A58. Relative power spectra of test flare 4B ,formula+
-~ group -3, burned at 630 torr ambient pressure. The top two spectra

are normalized with the peak value equal to unity. The log, 0 of
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group 3 con~tains 40.04% magnesium5 0.515% sodium nitrate, 54.945%
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group 3, burned at 225 torr ambient pressure. The top two spectra
are normalized wit'-h the peak value equal to unity. The log,, of
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group 3, burned at 150 torr ambient pressure. The top two spectra
are normalized with the peak value equal to unity. The loglo of
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group_3 contains 40.04% magnesimnr., 0.515% sodium nitrate, 54.945%V
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Figure A66. Relative power spectra of test flare Ill ,formula
group 3, burned at 150 torr ambilent pressure. The top two spectra
are normalized with the peak value equal to unity. The log,, of
"the spectral power is plotted in the bottom spectra. Flare forpula

•- group 3 contains 40.04% magnesium, 0.515% sodium nitrate, 54.945%
S~potassium nitrate, and 4.5% binder.
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group 3, burned at 30 torr ambient pressure. The too two spectra
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DERIVATION AND INTEGRATION OF

RADIATIVE TRANSFER EQUATION

Derivation

The contribution by any differential volume element dz • do

to the intensity of a flame, taken to be a slab of plane parallel

stratification, is determined by the balance of emission and

absorption of energy within the volume element where dz and do

are element thickness and cross-sectional area respectively. By

convention, the z axis is taken to be normal N to the slab and

measured from z = 0 at some point outside the slab toward the

center of the siab. On the other hand, the direction of flux flow

s is taken to be positive in the direction of the observer outside

the flame with o being the angle between s- and N. Therefore,

s = -z seco and ds = -dz sece (BI)

as shown in Fig, Bl.

The increment of intensity lost by aLsorption is

-dl a = k I ds (82)

where k is the linear coefficient of absorption and I is

the specific intensity of light of frequency v incident on the

rear of the volume element along path ds. The energy emitted

withir this same volume element is
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dE e dv dUw dt ds coso dc (B3)

where ev is the monochromatic volume emission coefficient

throuah solid angle dw and time interval dt. Alternatively,

in terms of its specific intensity, this energy is

dE e = dl e dv dw dt coso do (84)

It follows from Eqs. (13) and (84) that

diVe/ds e (85)

and from Eq. (B2) that

dlV a/ds = "kVIV • (86)

Combining Eqs. (B5) and (B6), the emission and absorption contri-

butions to the intensity, leads to

dIV/ds = -kVIV + c (87)

Substituting Eq. (B) into (87) gives the following equivalent

expressions

dI/(-dz secO) = -kVIV + (B8a)

-cosO(dIv/dz) = -kVIV + e and (88b)

"1i(dIVfdz) = kVIV - e (B8c)

where u cosc3
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It is now convenient, mathematically, to combine the emission

and absorption coefficient to define a source function

•_SV = CV/kV (B9)

and to define the differential element of monochromatic opticaY

depth

dT- kvdz (810)

Dividing Eq. (B8c) by k and&substituting Eqs. (89) and (BIO),

the differential equation of radiative transfer becomes

i'd/dt) = I( - s. (B1)

Introducing the normalized profile of the absorption coefficient

ýV defined as

ýV kV k dv (B12)

the monochromatic optical depth differential elehment is desci ibed

by

d-V= 6v dT. (B13)

Substituting Eq. (813) into (B11) leads to another form of the

radiative transfer equation,

- (d I 9 /dT) = ''(IV - SV) (B14)
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Integration

Formal integration of the radiative transfer aqtition can be

completed as follows. Divide Eq. (B14) by P and rearrange to get

(dIjdT)- -S . (Bi5)

Multiply through by exp(-@.,,/u) to get

S[(dl /6T) exp(-T'vii)] - [(I A,ý/P) exp(-Ttl/)] = -[(SV'xl/u) exp(--T¢i).

(B16)

Since the left side of Eq. (B;6) equals d[I, exp(-Tr /1,)]/dT
VV

substitution leads to

d[IV exp(--, ./ij)]/dT = -[(S 1j) exp(-tv/u)] . (B17)

The integral form, with t the limit toward the front of the

atmosphere and v2 the l i :xward the rear, is

= =-•T S•vP -~

•-d[I,, exp(-Tývp) :/0 US [( V) exp(-v /)]dT .(8BI8)

-T-T -) , -

Integrating Eq. (B18) gives

[LvI exp(-T 1Arf/)] - [IV2 exp(-T 2 /U)] U-1 [(S 1)/p) exp(-TViJu)]dr

JT= (B81")

where I iF intensity at T and I. is intensity at T 2

Next, by m!l-iplying through by exp(& •If), and using the identity
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[exp(-t 1@V1')j[exp(+T 1 ir)] = exp(O) : unity , (320)

we obtain

rT=T1

I V2= exp[-(T2- rI)ý/1i).JT (S Vv/P) eXp(-Ty V/P) exp(T 1 0/l)dT

•2 (B21)

By combining terms under the integral, changing the limits and thus

the sign, Eq. (821) becomes

I-T=T

v IV2 exp[-(T -T )t/•] h '/) exp[-(T-T )o /u]dT (B22)
, T=T

Eq. (B22) shows that at a given v and u , the intensity I
vi

emerging from the atmosphere at any TI is equal to the intensity

IV, incident at T attenuated by the atmosphere between T 2  and
TI plus the integral of the source function incrementally attenuated

by the atmosphere between T2 and T

The form of Eq. (822) is simplified for the present case by
considering (a) only flux emerging normal to the surface (I=l) and

-(b) no flux is incident on the rear surface of the atmosphere (i =O).
Under these conditions, integrating from the front surface, where
z and T are 0 , to the rear surface where the total optical
thickness T = Tr, the monochromatic emergent intensity is

""S exp(-r ")d (B23)
JT=O
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APPENDIX C

PROGRAM LTE4 TO SOLVE RADIATIVE TRANSFER EQUATION
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PROGRAM LTE4 TO SOLVE RADIATIVE TRANSFER EQUATION

This is the main program used to solve the radiative transfer

equation (Eqn. 7) as described in the THEORETICAL Section. it

computes the relative radiative power spectrum of a pyrotechnic

illuminating flame from known system variables such as flare

formulai flare size, and ambient pressure. It considers only

flux emerging normal to the flame surface and that no flux is

incident on the rear surface of the flame. it solves the LTE

case using the Planck function as the source function. A two-line

Voigt profile as a function of frequency is constructed in the

program for a specified value of the a parameter. The radial

temperature profile in the flame along the optical axis is constructed

in the program as specified by input parameters.

Only variables in the NAMELIST statement of the program are

needed to operate the program. These are:

a. AA - Voigt parameter a.

b. NFREQ - number of frequency intervals in Voigt sub-

routine. The number of intervals and width of the

interval define the frequency range over which computations

are performed.

c. F - Doppler half-width in frequency units. When

F = zero, F and DON are computed. When F is provided

as input, DWN must also be provided as input.

d. DWN - Doppler width in wavenumbers.
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e. STEP - input Zption used as a scalar.

f. STEP * DWN - distance in wavenumbers between successive

values of X in Voigt profile. This product controls

the width of the wavelength interval between computations.

g. OS - oscillator strength of Dl line.

h. 0S2 - oscillator strength of D2 line.

i. OS - oscillator strength sum of OSI and 0S2.

j. XLAM - wavelength of point halfway between the D line

doublet. This parameter is used to compute OWN.

k. XLAMI - wavelength of Dl line.

1. XLAM2 - wavelength of D2 line.

m. Z - total physical depth of flame in cm. Z must be

provided in multiple of .062 cm.

n. TEMPL - temperature in kelvin used to compute F and

-DWN.

o. DENS - sodium atom number density in the flame.

p. M - integer in Simpson rule of 2M intervals used to

perform integration.

q, TORR - ambient pressure in torr.

r. GROUP - t.-mula identification. Only used for caption

printing.

so TEMPS - array of temperatures of the flame at various

depths. A TEMPS valuje at the flame boundary (TEMPS(l))

and at the flame middle iTEMPS(fZ*8)+I)) must be
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provided as input. Between these points, TEMPS value;

at intervals of .062 cm are input as necessary to

construct the profile desired.

t. PUNCHI - logical variable. If true, non-normalized

radiant power spectrum is punched on cards as well as

printed.

u. PUNCH2 - logical variable. if true, the radiant

power spectrum, normalized so that the maximum equals

PLNK2, is punched on cards. PLNK2 is the Planck value

at XLAM and TEMPS((Z*8)+l).

v. PUNCH3 - logical variable. If true, the luminous

power spectrum, normalized so that the maximum is unity,

is punched on cards.

w. NDUPS - integer variable which specifies number of

duplicate sets of punch card output one gets when PUNCH1,

PUNCH2 or PUNCH3 are true.

x. PLOTI - logical variable. If true, the computed power

spectra are plotted by the printer.

y. DBUG and DBUG2 - logical variables. If true, intermediate

printing takes place.

A listing of PROGRAM LTE4 is given on the following pages.
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PROGRAM LTE4( INPLIT, OUTPUT.TAPE5=INPUT.TAPE6=OUTPUTPUNCH) 1

2
C qTATEMENT NUMBEDS USEn
C NEXT STATEPENT NUMBER 1S 4
C 131 5
C e NOTE *##~***4ee 6
C LTE3 CONVERTED TO LTE4 14 SEP 72 BY COMPUTING LUMINOUS POWER. 7
C SUBROUTINES COREKTEYEBAL AND BLOCK DATA EYEB ADDED. 8

9
C UPDATED 12 SEP 72 TO PUNCH OUTPUT. 10

1!
C 15 AUG 72 UPDATE TO NORMALIZE TO PLANCK VALUE AT XLAM 12
C AND CENTER TEMPERATURE. ALSO GETS INTEGRAL VALUE OF SPECTRUM, 13

IA
C UPDATED 31JULY72. P67 IN OSCILLATOR STRENGTH VALUES FROM 1Q
C HANS GPIEM BOOK PLASMA SPECTROSCOPY. 20

30
C PROGRAM LTE2 IS A MODIFICATION OF LTEI TO INCORPORATE A 36
C 2-LINE VOIGT PROFILE. 37
C PROGRAM LTEI DOFS SINGLE LINE PROBLEM IN THERMAL EQUILIBRIUM. 38
C IT USES ASSIGNED (INPUT) THERMAL Gf:ADIENT (SYMMETRICAL) TABLE. 30
C WE NEED INPUT DATA AS LISTED IN NAMELIST rNPTI 40
C IT IS SET UP TO DO ONLY SODIUM PROBLEMS. 41
C TO DO OTHER LINES. CHANGE XMASS IN SUBROUTINE DOPPLER. 4?

43
INTEGER 7HALF 44
CONMONt/B6/42(392) 45
DIMENSION EINT(2000) 46
DIMENSION XVI"2OOO)XV2(2OOO),XV3(2OOO),PIU(2OOO)tPHi2(2OOO), 47

PHI3(2000) 4A
DIMENSION TEMPS(201,) XVV(2000) 49
DIMENSION JL(01) 50
INTEGER P4O i1
INTEGER ZHPI 5?
INTEGER GROUP 53
LOGICAL PUNCHI PUNCH2 54

LOGICAL PUNCH3 55
LOGICAL ODUG2 56
INTEGER ZPI 57
EQUIVALENCE (XVVXV3)t(CINT#XV2) 58
DATA ZZ/1HZ/ 59
DATA P/S/I 0/6/ 60
LOGICAL DBUG 61

LOGICAL PLOTI 6263
NAMELIST /INPTI/ TEMPSNMZFOSDENSAA.NFREQTEMPLDWNXLAM 64

*DBUG*STEP 65
*PLOTI 66

* .OSIOS2#XLAMI*XLAM2 67
, *GROUPv TORP, DBUG2 68

* PUNCHI*PUNCH29NDUPS 69
* .PUNCH3 70

71
C PUNCHI AND PUNCH? CONTROL OUTPUT PUNCH LOOPS NEAR END OF 7?
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C MAIN PROGRAM. 73
C NDUPS IS NUMBER OF DUPLICATE DECKS OF PUNCHED OUTPUT. 74
C IF PLOTI IS TRUEEMERGENT INTENSITY IS (LnTTED 75
C PRINT CONTROL 76
C DBUG2 CONTROLS PRINT OF PHIl. PHI12 AND PýI3. 77
C DRUG COrGTROLS SOME PRINT. 78
C WHEN DBUG IS TRUE+ WE GET A LOT OF PRINT OUTPUT. 79
C WHEN DBUC IS FALSE9 WE GET REDUCED PRINTING. 80
C DBUG IS INSIDE THE FREQUENCY LOOP AND THUS PRINTS A LOT FOR EACH 81
C FREQUENCY. 82
C SETTING OF NFRFO TO A LOW NUMBER WHEN DRUG IS TRUE IS RECOMMENDED. 83

84
C STFP*DWN = THE DISTANCE IN WAVENUMBERS BETWEEN SUCCESSIVE 8c
C VALUES OF X IN VOIGT. 86
C NFREQ = NUMBER OF FREQUENCY STEPS OF X IN VOIGT NEEDED 87

C TO COMPUTE EINT. 8A
C NFREO CONTROLS DIMENSION OF EINT AND XVV. Aq
C NFREO CO?.TPOLS DIMENSION OF XVI*XV2,XV3,PHII*PHi2, AND PHI3. 90
C XVV IS EQUIVALENCED WITH XV3. 91
C XVV IS AN ARRAY FOR ALL FREQUENCIES OF THE XV. 92
C XV3 IS ARRAY OF WAVELENGTH OF THE 2-LINF VOIGT PROFILE. 93
C XLAM = WAVELENGTH HALFWAY BETWEEN THE TWO LINES 94
C XLAM IS INPUT IN ANGSTROMS. 95
C XLAMI = WAVELEKGTH OF DI LINE. LONGER WAVELENGTH OF THE TWO LINE 96
C XLAM2 IS WAVELENGTH OF D2 LINE. THE SHORTER WAVELENGTH OF THE TWO 97
C LINES. 96
C XLAMI AND XLAM2 ARE BOTH INPUT IN ANGSTROMS. 99
C OS = OSCILLATOR STRENGTH SUN OF THE TWO LINES. 100
C OSI IS OSCILLATOR STRENGTH OF DI LINE9 LONGER WAVELENGTH OF THE 101
C TWO LINES. 10?
C 0S2 IS OSCILLATOR STRENGTH OF 02 LigEt THE SHORTER WAVELENGTH 103
C OF THE TWO LINES. 104
C TEMPL TEMPERATURE IN DOPPLER USEC TO COMPUTE F AND OWN. 105
C DENS = ATOM (SPECIES) DENSITY IN THe ATMOSPHERE* N12. 106
C F = DOPPLER HALF WIDTH IN FREQUENCY UNITS. 107
C WHEN WE INPUT VALUE FOR F, DOPPLER ROUTINE IS SKIPPED. IOR
C WHEN WE INPUT F. WE ALSO MUST PROVIDE INPUT VAL9E FOR DWN. 109
C OWN = DOPPLER WIDTH IN WAVENUMBERS 110
C IF F=O., OR F IS OMITTED* F I; COMPUTED IN DOPPLER USING ill
C TEMPERATURE VALUE PUT IN AS TEAPL. 112
C M = INTEGER IN SIMPSON RULE FOR 2M INTERVALS. 113
C INTEGRAL IS DONE WITH SIMPSON RULE FOR 2M INTERVALS 114
C AA = VOIGT PARAMETER A 115

116
C Z = TOTAL PHYSICAL DEPTH OF ATMOSPHERE IN CM. 117
C Z IS INPUT IN STEPS OF .062CM, IT IS EXPANDED INTERNALLY TO lIP
C END UP AS AN EVEN WHOLE NUMBER. C eY ZA

.20
C TEMPS ARE THE TEMPERATURES OF THE ATMOSPHERE AT VARIOUS DEPTHS. 121
C THE INDEX OF TEMPS IS THE INTEGER CORRESPONDING TO 16TIMES THE 1?2
C NUMBER OF .062CN.STEPS OF Z PLUS 1, 123
C TEMPS INDEX = ( 716)10 124
C EXAMPLE. WHEN DEPTH = ZERO CMt INDEX = 1. !29
C WHEN DEPTH = 2.5 CH. INOEX = 41. 126
C TO MULTIPLY BY 16ASSURES AN EVEN NUMBER CORRESPONDING TO THE 127
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C TOTAL PHYSICAL DEPTH. I,1
C THIS ALLOWS ONE TO INPUT A TEMPS AT INTERVALS OF .062 Ct 129
C TEMPS HIDDLE INDEX = (Z*A)l.° 130
C WE MUST PROVIDE TEMPS VALUES FOR DEPTH = 09DEPTH = MIDDLE (CM)* 131
C AND OThER VALVES BETWEEN 0 AND NIDDLE. 132
C TE11PS ARE INPUT IN DEGREES KELVIN* 133

134
CONTINUE 135

C RESET INPUT VARIABLES TO DEFAULT VALUE 136
00 2 J=1.201 137
TEMPS(J)=O. 138

2 CONTINUE 13Q
OWN=O. 140
Z=4.0 14)
F=O. 142
DENS=O. 143
AA=O. 144
STEP=I. !45
D8UG=.FALzE. 146
DBUG2=.FALSE. i4`'
IHR=O 148
H MIN=O 149
ISEC=O 150
14=0 151
1M=200 152
14=100 153
1M=50 154
OS1=0.312 155
0S2=0.624 156
OS=OSI*OS2 157
NFREO=O ISR
NFREO=300 159
TEMPL=O. 160
TEMPL=3098. 161
XLAM=O. 162
XLAM=5892.93S 163
XLAMI=5895.92 164
XLAM2=5889.7S 165
PLOTI=.FALSE. 166
PLOTI=.TRUE. 167
PUNCHI=.TRUE. 168
PUNCHI=.FALSE. 169
PUNCH2=.FALSE, 170
PUNCh3=.FALSE. 171
PUNCH2=,TRUE. 172
PUNCH3=.TRUE. 173
NDUPS=! 174

175
READ(P*INPTI) 176

177
C PROGRAM TERMINATES WHEN M=O. 178

IFV(.EO.O) CALL EXIT 179
180

WRITE(0911) 181
11 FORMAT(IHI) 182
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CALL DATE(DM*YE) 183
C CALL CLOCK(ItiRsHINsISEC) 184

WRITE(Qf63) D01,YEIHRMIN,ISEC 18s
* 9GROUP, TORR 186

63 FORMAT(2X*AIOA294X*3I3, 187
* SOX90GROUP*13* F1O.O, *TORRO) 188

WRITE(Ot24,M)ZF•OSDENStAANFREOTEMPLDWNXLANDBUG.S(EP 189
*,PLOTI 190

"24 FORM.T(/o M IN THE SIMPSON RULE ISO 16./ !91
* Z THE OEPTH OF THE ATMOSPHERE IN CH IS* F6.1#/ 112

* * F THE DOPPLER HALF WIDTH OF THE LINE IN FREQUENCY UNITS IS* 193
* Ei2.5s/ 194

* OS IS THE OSCILLATOR STRENGTH SUM OF THE TWO LINES. IT IS* 195
F1O.3z/ 196

A * DENS THE SPECIES DENSITY iN THE ATMOSPHERE IN PARTICLES/CC ISO 197
* E12.59/ 198
* * AA THE LITTLE A PARAMETER IN THE VOIGT PROFILE IS* FIO.So/ 199

* * NFREO IS THE NUMBER OF STEPS OF FREQUENCY IN EMERGENT INTENSI! 200
"Y. IT IS* 169/ 201
* 0 TE4FL THE TEMPERATURE IN THE DOPPLER COMPUTATION-IS'F9.3#/ 202

0 * DWN IS DOPPLER WIDTH IN WAVENUMBERS. OWN ISer1G.3#/ 203
S0 XLAM THE WAVELENGTH HALFWAY BETWEEN THE TWO LINES IN ANGSTROMS 204
* IS4 205

FIO.3,/ 0 DBUG=* L4,/ 206
* * STEP TIMES DWN IS THE DISTANCt IN WAVENUMBERS BETWEEN SUCCESSI 207
*VE VALUES OF X IN VOIGT. STEP =*F7.3t/ 208
* * PLOTI=*L4 ) 209

WRITE(QOB]}OtO1 OS2.XLAM1 XLAM2 210
81 FORMAT( 211

OSI05 THE OSCILLATOR STRENGTH OF THE DI LINE IS* F1O#39/ 212
OS2 THE OSCILLATOR STRENGTH OF THE D2 LINE rS* FIO.39/ 213

S XLA0 THE WAVELENGTH IN ANGSTROMS OF THE DI LINE IS•SO*.3/ / 214
* * XLAMI2 THE WAVELENGTH IN ANGSTROMS OF THE D2 LINE ISOFIO.3,/ 215

STNO216
217

C INITIALIZE VOIGT FUNCTION ROUTINE. 219
DUMMYI=COFVOI(DUMMY2cOUMMY3) 219

220
ZA=16. 221
Z4=Z*ZA 222
062=0.062 223
0125=0.125 224
ZPI= IFIX(Z4)*! 225
IF(.shT.ORUG3 GO TO 86 226
WRITEfO#O) 0629(TEMPStJ),J=IZP1) 227

86 CONTINUE 228
1O FORMAT(* THE TEMPERATURES AT VARIOUS DEPTHS IN THE ATMOSPHEREO 229

& /4 WHERE THE TEMPS INDEX CORRESPONDS TO THE PHYSICAL DEPTH AT IN 230
"OTERVALS OF* F6.3* CM. ARE* 231

/ (SXIOFR.b)) 232
WRITE(Q.93) 062,0125 233

93 FORMAT( 234
* * THE FOLLOWING RELATES TO TEMPS INDEX */ 235
* * INDEX=I MAPS TO DEPTH=ZERO CM*/- 236
• * INDEX=2 MAPS TO DEPTH=* F6.3* CMt*/ 237
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* INDEX=3 MAPS TO DEPTH=* F6.3* CltETC.* 238
* /' TEMPS MIDDLE INDEX=fZ TIMES 8)*1 * 25Q
* /) 240

?41
C NEXT COMPUTE F AND OWN WHEN NOT PROVIDED IN iNPTI. 242
C TEMOL = TEMPERATURE (TNPUT) FOR DOPPLER SUBROUTINE. 243
C IN DOPPLER WHEN 2ND ARGUMENT = 0# WE FIND F AND DWN (OUTPUT). 244
C AHM = COMPUTED DOPPLER HALF WIDTH IN ANGSTROMS AT TEMPL. 245
C F = DOPPLER HALFWIDTM IN FREQUENCY UNITS. 246
C DOPPLER IS ENTERED WHEN NO VALUE FOR F IS GIVEN IN NAMELIST INPTI. 247
C DOPPLER IS SNIPPED IF WE PROVIDE VALUE FOR Fo ?48
C OWN = DOPPLER WIDTH IN WAVENUMBERS 249

250
IF(F .NE. 0.) GO TO 21 251
CA.L DOPPLER(XLAM# O TEMPL* Ft OWN 9AHW 3 25?
WRITE(O,22) Fs DWN*AHW 253

22 FORMAT(//* THE COMPUTED DOPPLER HALF WIDTH IN FREQUENCY UNITS * 254
* E12,5t/ 255
* * THE COMPUTED DOPPLER WIDTH DUN IN WAVENUMBERS =*FIO.3,/ 256
* * THE DOPPLER HALF WIDTH AHW IN ANGSTROMS IS* FIO.*5/ ) 257

21 CONTINUE 258
259

C COMPUTE PLNKI 260
C PLNKI = VALUE OF PLANCK FUNCTION AT FREO XLAM AND 3098 K. 261

CALL PLANCK( 3098.9 XLAM* 2 vPi.NK1 ) 262
WRITE(O.23) XLAM*PLNKI 263

23 FORMAT(//* VALUE OF PLANCK FUNCTION AT CENTER FREQUENCY* FIO.3 264
* ANGSTROMS IS* E12.59/) 265

266
C FOR CONVENIENCE. WE INPUT TEMPS ONLY FROM DEPTHzO ThRU DEPTH 267
C = MIDDLE. 268
C WE ASSUME THE TEMPERATURE GRADIENT IS SYMMETRICAL ABOUT THE 269
C MIDDLE. NEXT WE GENERATE THE TEMPS BETWEEN MIDDLE9 ZHALF* AND 270
C THE REAR BOUNDARY OF THE ATMOSPHERE. Z. 271

272
ZHALF= IFIX(Z4)/2 273
ZHPI=ZHALF.I 2T4
00 13 J=19ZHALF 275
TEMPS(J+ZHPI) = TEHPS(ZHPI-J) 276

13 CONTINUE 277
IF(.NOT.DBUG!- GO TO 87 278
WRITE(OilO) 0629(TEMPS(J)9J=IvZPI) 279

87 CONTINUE 280
C AT THIS POINT. WE HAVE AVAILkBLE A TEMPERATURE GRADIENT AT 281

_C SELECTED DEPTHS OVER THE ENTIVE ATMOSPHERE 282
283

MPI=M*? 284
M2=M*2 285
M2P1=M2*I 286
WRITE(O•12 MH2 287

12 FORMAT(* M IS THE SIMPSON RULE MIDDLE INDEX CORRESPONDING TO THE 2?s
*PHYSICAL DEPTH OF THE MIDDLE OF THE ATMOSPHERE. N=?13t/ 28q

* THE SIMPSON RULE INDEX CORRESPONDING TO THE TOTAL DEPTH* 2MH OF 290STHE ATMOSPHERE ='I4,///) 291
WRITE(Q*IS) 292
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15 FORMAT(//* Z MAPS TO 2H AND ZHALF MAPS TO M 293
* ZPI NAPS TO M2PI AND ZHPI MAFS TO XPIO//) 294

295
C FIND THE TEMPS FOR EACH OF THE MISSING DEPTH POINTS BETWEEN 296
C DEPTH = ZERO AND DEPTH = MIDDLE (ZHALF) 297
C TEST FOR ZERO TEMPS AND RECORD THEIR LOCATION 298

K=O 29S
DO 16 J=2,ZHFI 300
JI=J 301
IF(TEMPS(J)) 50950o16 302

16 CONTINUE 303
GO TO 17 304

50 CONTINUE 305
K=K+l 306
JLIK)=Jl 307
GO TO 16 308

17 CONTINUE 309
C NOW ALL THE ZERO TEMPS INDEX NUMBERS ARE STORED IN JL 310
C THERE ARE K OF THEM BETWEEN ZEPO CM AND ZHALF 311

312
C NEXT WE INTERPOLATE BETWEEN THE TE-4PS AND FIND A TEMPS -OR ALL 313
C THE TERMS THAT WERE ORIGINALLY ZERO. 314

IF t K ,EO, 0) GO TO SS 315
L=O 316
DO 51 J=29K 317
.11=J 131$
IF(JL(J) tEO. (JL(J- 1) + 1))GO TO 53 319
L-L*] 320
LPI=L*. 321
r'O TC 52 322

53 L=L÷I 323
LPI=LL2 324

56 DUM10. 325
51 CONTINUE 326
52 CONTINUE 327

JA = JLfJI-L) - I 32S
JS = JA * LP| 329
tF(K .EO. I I JA=I 330
IF(K oEO. I ) JR=3 331
JBM1 J=-I 312
JAPI=JA.1 333
TDIFF = TEMPS(JB) - TEAPS(JA) 334
TADD TOIFF / LPI 335
DO 54 T=JAPIvJBHI 336
TEMPS(I) = TEMPS(I-I) * TADD 337
L=O- 338

54 CONTINUE 339
IF(K *EO. I ) O TO 55 340
IF(JI .EO. K) GO TO 55 341
GO TO 56 34P

55 CONTINUE 343
IF(,NOToDRUG) GO TO 88 344
WRITE(O10O) (TEHPS(J),J=I#ZPI) 345

88 CONTINUE* 346
C NOW WE HAVE TEMPS FOR Af.L POINTS BETWEEN Z=O AND ZHALF 347
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34A

349SNEXT rIND THE TEMPS BETWEEN ZOALF AND Z BY SYMMETRY 350
DO-18 J-IZHALF 351
TteP5(JT4HPl) = TE:!OS(ZHPI-J) 35?

18 CONTINUE :443
WRITE(Q,2O) 062,(TEMPS(J ýJ=19ZPI) 354

C NOW 14E HAVE A TEMPS FOR EkCH CM OF DEPTH FROM ZERO-THRU Z. 355
"356

C WE INTEGRATE BY SIMPSON RULE FROM 0 TO 2M INTERVALS, THAT 357
C !S FROM INDEX I THRU M2PI1 35R
C WE NEED A SUBROUTINE WHICH COHPUTES A DEPTH7ZCM, AND A 359
C TEMPERATURE TEMPP FOR EACH INDEX POINT IN THE INTEGRATION, 360
c WE CALL IT DEPTMP. 36)
C IT IS CALLED RY 362
C CALL DEPTMP(MRTEMPSqH2oZ7TE9PPvZCM) 363
C M8 IS THE SIMPSON RULE INDEX FOR WHICH WE FIND A TEMP? AND ZCM. 364
C TEMPP IS TiE-7TEHPERA~T1RE IN KELVIN AT HO fOUTPUT) 365
C ZCM IS THE DEPTH IN t/( AT P9 (OUTPUT) 366
C TEMPS IS THE TEMPERATURZ INPUT ARRAY 367
C M? :S 2M INTERVALS OF SIMPSON RULE 368

36Q
370
371

C 8 E 03110A 20 MARCH 72 37?
C DOES SIMPSONS RULE FOR 2M INTERVALS 371
C SEE EON 6-66 OF MOURSUND AND OUfaIS 374
C ELEMENTARY THEORY AND APPLiYATION OF NUMERICAL ANALYSIS 375
C MCGRAW HILL 1967 376
C LET ?4 INTEGER *GT. ZERO 377
C LET H = (8-A)/2M 378-

A = INTEGRAL LOWER LIMIT 379
C 3-= INTEGRAL UPPER LIMIT 38C
C X(I)=A+I*H FOR I=O~is...ZM 381
C TERM1 = 20SUM OF F(X(21)) FOR I=•2-.,,,.-1 382
C TERM4 4=SUM OF F(X(21-1;) FOR I~Ž,. M 383
c Tg1H = F(X(II)= F(X(1=0)) 384
-C tEAM2 F(X(S)) F(X(I=?.M)) 8
C INTECRAL = (H/3)*(TERMI*TERH2 + TERM3 * TERM4 I 38A
C WE NUED TO SOLVE FOLLOWING EON AT EACH FREQUENCY 387
C EINT = PHI 0 INTEGRAL OF (PLANCKOEXP(-TTOPHI~i 38A
C INTEGRAL LIMITS ARE A=O, B=M2 389
C INTEGRAL INDEX GOES A=lf B=M2Pl 390
C EINT EMERGENT INTENSITY 391
C PHI = VoI0T PROFILE OR OTHER AECIPTION PROFILE 392
C PLANCK = PLANCK FUNCTION AT CEMPERATURE CC9RE3PONDING TO DEPTH 393
C IN THE ATMOSPHERE MAPPEP TO INTEGRAL INDEX 394
C TT = TOTI'. THICKNESS AT DEPTH CORRESPONDING To INTEGRAL INDEX 395

316
C START RE TO GENtRATE 2-LINE VOIGT PROFILE. 397

VGT=VA!u,(O.*AA) 39t
VGTI.-VOIGT(IO.,AA) 39-
WRiTE(O,94) VGTgVGTIO 400

94 FOPMAT(/,1OX.4 VOIGT AT CENTER FREOUENCY &SEl2o5,f. 401
VOIGT AT FREQUENCY X=10 IS Ex2.5,/ 4 402
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NFREQH=NFREQ/240
XWAVENO=1.0/t XLAMI ! .E-8) 

40300 69 J=1,NFREO 
405X=(FLOATfJ-1-NFPEOH)) * STEP 
6,06P;ili (J)=(VOIGT(X,AA) 1*051/OS 40

XV1(J)= I.E#8 / (XWAVENO - CDWJJ'X))40
69 CONTINUE 40A

IF( *NOT. DSUG2) GO TO 90 410Q
WRITE(O,32) 410
82 ORA7~/*PHI! FOR THE LONGER WAVELENGTH LINE*) f417WRITE(094?) (((XVI(J) 9PHI1(J)),J=1,NFREQ)) 

41390 CONTINUE 
414XWAVENO=1.o / (XLAM2 I 1E-8)45

00 70 J=1,NFREO 415
X=(FLOAT(J-1-NFREOH)) STEP 

41-7PH12(J)=(VOTGTfXtAA') 052 /OS 410XV2(J)=1.E.g I (XWAVENO - (OWNOX)) 419TO CONTINUE 
420IF( -NO7. OBUG21 GO TO 9142

WRITE10#831 421
83 FORMAT f//* PH12 FOR THE SHORTER WAVELENGTH LINE*) 423WPITE(0947) (((XV2(,J-,ýýPH12(J) I J=1 tNFREO))42

XWAVENO=1. / (XLAM * I.E*B) 425,
D0 71 J=1tNFREO 426
X=(FLOAT(J-1..NFREQH)) 0 STEP 7
XV3(J)=l.E+8 / (XWAVENO - (ODWN*X)) 42R

71 CGO'TINUE42
C NEXT AT EACH XV3 WE FIND THE INTERPOLATED PHII AND PHI2 431C AND ADO THEM TOGETHER TO GET PHI3. 43?0O 72 J1,vNFREQ 

433
DO 73 K=1.NFREQ43
KS=K 

434IF(XV2(KS) eGE. XY30J) GO TO 7443
73 CONTINUE 

43660 TO 75 
43074 FPAC =(AB 5XV3 (J)-XV2{KS-1)))/(ABSscXV2KS)-XV2(KS 1)1) 430PH12J=PF12(KS-j, + (FRACv;PHr2CKS)-PH12(KS-)))l 
440GO TO ?6 
44175 C -ONTINUE 
44?PH12J=PHI2 (NFREO) 
441~

76 CONTINUE44
TF(V3(J) s LE. XV1IG) ) GO TO 77 445ri0 7a K=ItNFREO 

446KS=K 
447IF(XV3(J) .LTo XVI(KS)) GO TO 75 44079 CONTINUE 
44QG0 TO 72 
45079 KS=KS'-1 
451FRAC=(ABS(XV3(J-XV1uKS)?)/(Aý(XVI(KS).XVI(KS+I)I 
452PHllj=PHIIfK3) # (FRAC*(PKI1{KSiz-,'PHjl(KS))) 
453GO T^ RQ 
4-,4L

80 PH13(J)= PHIIJ *PH121 
45672 CONTINUE 
457
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IF( .NOT. DBUG21 GtG TO 92 45Sp
WRITE(Ot84) 45c)

B4 FORMAT f//d PH13 THE 2-LINE VOIGT PROVILFO) 460
W9ITEfQ 7'tU(XV3(J~iPHT3tJ3),J=I..:FREO)) 461

4Z CONTINL7 z..;11
C NOW WE 'A S THE 2-LrNE VOIGT PROFILF IN PH13(Jl- 461

C EACH !S WEýSHTFD FOR OSCILLATOR STRENGTH AND IS SYMMETRICAL 464
C ABOUT ALAM. 465

"466
C ALL THE FOLLOWING IS INSIDE MASTER DO LOOP OVER FREOUENCY, X 467

46A
00 999 jJJJ=I*NFPEO 46Q

C FIRST WE rIND TERNI 470
C TERMI = FUNCTION AT ZERO CM DEPTH 471
C TT=O. AT ZERO DEPTH 47?

473
- 474

CALL THIC~fTT*F*OS*0.*DENS) 475
PHI=PHI3(JJJ) 4-76

Ex=EXP(-TT*PHI) 477
C TEMPERATURE = TEq4PSf1) AT ZERO DEPTH 47ft
C XV IS ARBITRARY FRED X CONVERTED TO CORRESPONDING WAVELENGT¶ !479
C IN tiNCSTPOM UNITS. 485

XV=XV3 (JJJ) R
48?

TEM = TEMPS(Il 4,81
CALL-PLANCK( TE4 .Xyv 2*FLNK) 4S4

4815
tF(.NOT. DRUG) 60O TO 25 480;
WR7TEI0t26)TT*X*AAIPHIEXXV.XLAM,0WNPLNKtPLNK1,XWAVENO 487

26 FORMAT(//* TT=*FI2.S*/'l X=*E12.5/9 AA=*FlO.3/0 PHI=OE12.5/ 48A
EX=* 48q

* E2.S/0 XV=*FIO.3/* XLAM=*FIO.3/ DWN=4F!0.3/9 PLNK=*EI2.5 4910
* /* PLNK1Z*El2.5 /0 XWAiVENo =OFiO0.3 49
WPITE(0*30) f9?

30 FOPPAT( * Z= 0 CP*) 4Q3
WRITE(O*27)TEm'4P5(j) 494

27 FOPMATt* TEFMPS(I)=v*F10.3) 49c5
25 CONTINUE 496

497
C NORMALIZE SO PINK AT CENTER FREQUENCY AND 309AK 1 . 49cr
C PLNK AT XLAM AND 3098K =PjJ4KI 4914

PLNK=PLNK/PLNK) 50
c PLNKI IS COMPUTED EARLY in THE PROGRAM. Sol

TER141 = PNKOEX 50?
503

IF(.NOT. DRUG) GO TO 29 504
WRITE(Ov28) PLNK*TE-4RMI 505

28 FORMAT(* PLN'x qORMALI?ED =4 E!2.5/ 506
0 30X. VALUE OF fERmsI=4E12.5) 507

Z9 CONTINUE 50A

C NEXT WE FIND TEP'42 511
C TERM2 FUNC74N) AT Z C4 DEPTH Si 2
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CALL THTCK(TTtF#OSv77,DEr4S) 594
C SAVF TT TN Du-l FOR USE TO PR1NT CAPTION IN PLOT I

1OUI'TT ý1
EX=EXP (-TTOPHI4I5

C TEMPERATURE zTEMPS(ZPI) AT DEPTH 2=DEPTH Z7 SIA
TEM = ~4PS(ZPI) 519
CALL PLANCKf TEuv XV9 2. PINK)57

521
!F(.NoT. DRUG) GO TO 31 352?
VRTYE(0926)TT,~1AA.PHIEXXV.XLAU.DO~,PLNKIPLN1K1,XWAVENO 523
WRITE (432) TF"PSt7P1 1,Z7 524

32 FORM4AT(/* TEMiPSC7P1)=*F10.3,. Z7 0&-PTH AT Z=%F10.31 5,2r
31 CONTINUE 9,26

527
C NORMALIZE. SEE COMMENTS IN TERM! ABOVE 2

PLNK=PLNK/PLNK I -:2q
TERM2=PLNK0EX S1

TF(.NOT. DRUG) 00 TO 33 13
WRITE(Ot341 PLNKTERM2 533

34 FOPYAT(/* PLNK NORMALIZEr) =OElZ.5/ 534,

"~ 40X* VALUE OF TEDAZ 42 EI2.5)53
33 CONTINUE 51

5*17

C NEXT FIND TEPM1 539
C TERM3 = 26SUN OF FUNCTION(21) FOR 1=1#2% ..... M-1 S46,
C wHEN DEPTH INDEX GOES FROM ZERO TO ?M9s MS SOES I TO 42PI94
C THUS TEP43 = 2*SUN OF VUNCTION(2J+I) FV'R 4l2..A1542

SUMPO .0 541~
EXXO0.O 544
RN1=M-l 1545
DO 19 J1.141A 546
KK=J r'54 7
48=(2oJ)l 54p
TZTEPP= lFIX(74) 3e
CALL DEPTHP(MAqTE14PSHZ, 7TEMP.TENPPZCN1) 95K0
ZCM=ZCM/?A !5
CALL THICK(TtF-OS#ZCM*DENS)g5
EX=EXP(-TT-PHI) 455

r SAVE THE FIRST EX IN EXX FOR COMPAkTSON TO LATER VALUES '554
CALL PLANCK(TEMOPt XVv 2- PLWI ~c

!F(.NOT* DRUG) G-3 TO 35 =-5
WRITE(0926)TTX.AA.PHI.EX.XVsXLAH.OWNPLNKsPLNKIXWAVENO 1g
WRITE(0*36) TEMP*ZCvi '5Q

36 FORMAT(/0 EMPP=GFIO.3/6 7C'P DEPTH =4,Fle.3 S '60
35 CONTINUE R61

';6?
PLNK=PLNK/PLNK I 1561~
SUM=SUM. CPLlJKOEX) S64

IF(.NOT. DRUG) GO TO 37 566
WRITE(093A) PLNKsSUM R6



38 FORMAT(/* PLNK NORMALI7EO =*E12.5/0 VALUE OF SUM INSIDE DEPTH LO 568
OOP =*El2.5 )569

37 CONTINUE 570
571

19 COJTPANUE 572
64 CONTINUE 573

TF(.NOT. DBUG) 30 TO 67 57-4
%%qTE(Ov66) KtK 575

6,6 FC(19AT(* THE NUM8ER OF TIMES DEPTH LOOP COMPLETED, BEFORE EXIT IS *14) S76
*I~ 577

67 CONI'NUE 578
TERM3=2, 0Sii 579

!FC.NIOT. D8U'31 60 TO 39 581
WRITEIOc40) TERM3 sat-

40 7ORMAT(/ 583
SOXv * TERM3 =OE12.5 ) 84

39 CONTINUE -s8s
586
S87

C NEXT FIND TERA4 588
c TEP.M4 = 4*SUM OF FVNCTION(21-1) FOR Il2..N589
C WHEN DEPTH INDEX.-GOES FRO$Q ZERO TO 2Mt MB GOES I TO M2Pl 590
C THUS TFRM4 = 4*SLIM OF FUNCTION(2J) FOR J=192t.e ... K 591

592

00 20 jý,JIh 595;
KKJ 596
P48=2,J 597
TZTEMP= !F!XI?4) 598
CALL DEPTt4P(H8,TEMPS-H2, IZTENPTEMPPZCM) 599
ZCM=ZC'4/ZA 600
CALL T41CK1TTtF*OSsZCI4.OENS) 601
EXEXP t-7T*PI11 60?

C SAVE TME FIRST EX IN EXX FOR COMPARISON TO LATER VALUES 603
CALt, PLANCKfTEMlPP9XVi 2v PINK) 604

60!i
IFINOT6 DBUG) 00 TO 41 606'
~WRTTE fOt26?TT,* ,AAPHhIEX.XV4XLAI4,OWNPLNKPLNK1 .XbAVEN'.O 607
wR1TEVI.36) TEi4PP.ZCN 60A

41 CONlTINUE 609
610

PLNiK=PLNK/PLNKI 611
SUf4SUH. (PLNK*Ex) 612

613
IF~ahPT. DBUG) 6O TO 42 614
WRlTE (Qv3e)PLNKvSU*4 615

42 CONTINUE 61i
617

20 CONTINUE 618
65 CONTINUE 619

IF(.NOT. DRUG) GC- TO 68 620
VRITVQO,66) NW 621

68 CONTMNE 622

Up-I
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TERM4=40 *SUM 623
624

IF(.NOT. DBUG) GO TO 43 621
WRITE(O,44) TERM4 626

44 FORMAT(/ 627
60X, TERM4 =DEI.5 628

43 CONTINUE 629
630
631

C NEXT FIND INTEGRAL 632
C INTEGRAL = (H/3)*(TERHI * TERM2 * TERM3 # TERM4 ) 633
C H=8B-41/2M 634

H=(Z-O.)/FLOATtF2) 635
C IN OUR PROBLEM, WE WE SET BOUNDARY A TO ZERO. 636
C SUM = INTEGRAL 637

SU"=O.O 638
SUM=iH /3.)*(TERNI * TERM2 + TERM3 4 TERM4 ) 639

C EMERGENT INTENSITY EINT FOR FREQUENCY IN THIS LOOP FOLLOWS 640
EINT(JJJ) = PHI*SUM 641

642
IF(dNOT* DBUG) GO TO 45 643
WRTTE(O*46)TERMITERM2,TERM3qTERM4;SUHtP11,EINT(JJJ) 644

1,6 rORMATt/4 TERMI =E!?o5/ TERN2 =OE12.5/0 TERM3 =*E12.5/ 645
S* TERM4 =%E12.S/* SUM THE INTEGRAL u*E1Z.S/ 646

* PHI a*EI2.S /0 EMERGENT INTENSITY =*El2.Ss///// 1 647
45 CON"IWUE 640

649
990 CONTINUE 650

C WE HAVE COMPLETED COMPUTATION FOR A GIVEN FREQUENCY 651
C NEXT WE INDEX FREQUENCY 00. LOOP AND REPEAT 652

653
654

C WRITE THE OUTPUT 655
C XV3 CONTAINS NAVELENGTH IN ANGSTROMS. 656
C XVV IS EQUIVALENCED WITH XV3. 6S7

WRITE(Ot1) 658
659

C PLNX2 IS PLANCK VALUE AT CENTER FREQUENCY XLAN AND TEMPERATURE 660
C TEMPS(ZHP1I) TO WHICH MAXIMUM OF EMERGENT POWER IS NORMALIZED. 661
C LATER. SEE BELOW. 662

TEM=TEMPS(ZHPI) 663
CALL PLANCK( TEMoXLAM9 2v PLNK2) 664

665
C INTEGRATE THE SPECTRUM AND WRITE THE VALUE. 666

VAL=O. 667
NFOMI=NFREO-1 66A
DO 95 J=ZTNFQMl 669

95 VAL=({(EINT(J)4I.NT(J.I))/2.)*(XVV(J.I)-XVV(.I)))+VAL 670
WRITE(096) XVV!i) XVV(NFREG)* VAL 671

96 FO"t4AT(/o THE EMERGENT POWER INTEGRAL - AUR NON-NORMALIZED) 672
*AS ORIGINALLY COMPUTED# FROM* 673

!Fl2a3* ANGSTROMS TO* F12.3* ANGSTROMS IS* E12.5) 674
WRITE(Ol02) 675

102 FORHAT(* POWEP VALUES AS COMPUTED. NOT NORMALIZEOD) 676
WRITE(0*851 67?
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85 FORMlt(//* EPERGENT INTENSITY*) 678
wRITC(Q,47)(U(XVV(J) EINT(J)),J=1,NFPEO)) 679

47 FORMAT(//(5(2XfFI2.3#F]2.s)?) 680
681

C PLOT OUTPUT 68?
C NORMALIZE MAXIMUM OF EINT TO UNITY SO WE CAN PLOT 683

YmAX=EINT(0J 684
DO 56 J=2-NFREO 685
IF(EINT(J) oGT. YMAX) YMAX=EINT(J) 686

58 CONTINUE 687
C NOW YHAX CONTAINS THE NORMALIZATION CONSTANT FOR EINT 688

689

C NEXT FINDS NCARDS THE NUMBER OF DATA CARDS IN A SET. 690
AKKM=FLOATINFREO) 691
AKKKM=AKKM/4. 692
NFREO4=NFREO/4 693
IF(ABS(AKKKM-NFRE04) .LT. 0.2) 1149105 694

104 NCARDS=NFREG4 695
GO TO 106 696

105 NCARDS=NFREO4#1 6q7
106 CnNTTNUE 698

699

C Al IS AA TIMES TORR/760 TO0
AI=(AA0TORR)/760. 701

702

C NEXT DO LOOP PUNCHES NOUPS SETS OF CARDS 703
I-FtPUNCHI)107%108 704

107 CONTINUE 705
00 103 KA=1.NDUPS 706
JTI=4 707
J8B=I 708
PUNCH I09w!1MYE#Z#DENSA1,GROUP9TORR 709

109 FORMAT(IXA1OA2*OZ=PF3.1ODENS=*E)2.S5t AA=*F7,5.* GROUP*I3, 710
F6w.O9TORR RADIANT*) 711

PUNCH 110.VALt XVV(I),XVV(NFREO), YMAXvTEMPLNK2*NFREO*NCARDS 712
110 FOPMAT{1XEI2.52F9,3,EI2,5,F6.0sEI2.5,215 ) 713

C INTEGRAL VALUE HERE IS NOT NORMALIZED. 714
C DATA HERE ARE AS COMPUTED 715

DO III L=19NCAROS 716
PUNCH 1129Lt l(XVVlJ)tEINT(J)IJ=JBB.JTT) 717

112 FORMAT( I4,4(F7.29E2.5)) 718
JBB=JBB*4 719
JTT=JTT*4 720

III CONTINUE 721
PUNCH 113s ZZ 722

113 FORMATCAI) .?l

103 CONTINUE 724

108 CONTINUE 725
726

C NEXT 00 THE NORMALIZATION 727
00 61 J=I*NFREO 728
EINT(J)=EINTfJ)/YMAX 729

61 CON T INUE 730
IF( .NOT. FLOTI ) GO TO 57 731

C EINT IS NORMALIZED AND IS READY FOR PLOT 73?
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WRITE(0911) 733
VRITE(Ot59) 734

59 FORMAT(1HIs5Xv FROM PROGRAM LTE4 *)73c;
WRITE(Q.63) DXYE9IHRtMINt7SEC 736
* 6ROUP;TORR 737
WRITE(0924)W.Z.FtaSDChSAA~,NFREOTEMPLOWNXLAHMfl8UGSTEPPLOTI 3
WRITE(0#81)OSIt0S2vXLAMJ .XLAM2 739
WRITE(O,89) TEMPS(1)t TEMPSiZHP1I 740

89 FORMAT(* BOUNDARY TEMPERATURE ITS'F7.0 9BX9O CENTER TEMPERATURE ISO 741
4F7.01 74P
WRITE(Q,1O) 0629(TEMPSfj)sj=IjZPI) 743
WRITE(0922) Ft DWN*AHW 4
WRITE(0*23$ XLAI4,PL)Kl .745

C PLNK2 IS PLANJCK VALUE AT CENTER FREOUENCY XLAF4 AND TEMPERATURE 746
C TEMPS(ZHP1I TO WHICH MAXIMUM OF EMERGENT POWER Iq NORMALIZED. 747
C SEE BELOW* 748

WRITE(0998) PLNx~t XLAMv TEM 4
98 FORMAT(# PLANCK VALUE ISO ElZ.50 AT CENTER FREQUENCY' F12.3/ 750

0 'ND AT CENTER TEMPERATURE* F12.3 *GZGREES KELVIN.*/ 751
60 TO WHICH MAXIMUM OF EME-'AENT POWER IS NORMALIZED. 1 75?

WRITZ(Ot6O) YMAXvOUH 753
6C FORMA-T(* YMAX THE P-qRMALIZATION CONSTANT FOR EINT IS*E1Z.S./ 754

4!' THE OPTICAL THICkNESS (TOTAL) IS*E12.5) 755
CALL PLOT(EINT.XVVvNFREO) 756

S7 CONTINUE '757
758

C NEXT NORMALIZE TO PLNK2 VALUE 759
D0 97 J=1.NFREO 760

C INTEGRATE NEXT 76?
97 EINT(J)= EINT(J) oPLNK2 761

VALO0. 763
NFQM1=NFREO-1 764
00 100 i=I*NFOM1 765

!10- VAL=((tEIINT(J)*'ýINTU4,11))/2.)*(XVV(J,1)-XVV(J))1.VAL 766
WRITECOil11) 767
WRITE(Q,98) PLNK29 XLAM# tEM 768
WRITE(Ov99) XV.(1)tXVV(NFREQ)9 VAL 769

99 FORMAT(C /0 TH* EMERGENT POWER (MAXIMUM NORMALIZED TO PLANCK) FRO t:70
*ON' F12o3*ANGSTtOMS TO *F12.30 ANGSTROM4S*/ 771

* ISPE12.5 377?
4RITE(091OI) 773

101 FORMAT(* POWER NJRHALIZEO TO PLANCK VALUE FOLLOWS*) 774
WRITE(0#8S) 77c;
WRITE(O.47) (((XVV(J),EINT(J)),J=1,NFREOJ) 776

777
C PUNCH? NEXT ;78
C NEXT V0 LOOP PUNCHES NDUPS SETS OF CARDS 779

IFtPt~lCv2) 114,115 780
11'4 CONTINUE 781

00 116 KA-IsNOUPS 782
JTT=4 783
jvtp1 784
PUNCIP I099DvoYEvZiDENSsA1,GROUPtTORR 785
PUNC~t 1100~,41 XVV(1)sXVVQ4FREQ) * YMAXsTEMvPLNK2tNFREQ9NCARDS 786

C INTEGRAL VALUE IS AFTEFP NORMALIZATION TO PLNKZ. 787
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C DATA ARE NORMALIZED TO PLNK2. 788
00 117 L=I#NCARDS 789
PUNCH 112tLi ((XVV(J)9EINT(J))9.l=JJ8sJTT) 79P
JBB=JBBJ 4 711
JTT=JTT*4 792

117 CONTINUE 793
PUNCH 113t ZZ 794

116 CONTINUE 795
uIS CONTYNUE 796

797
C REUSE XV1 STORAUE TO HOLD WAVELENGTHS FROM EYEBAL 79P

CALL EYEBAL (XV1392) 799
800

C NOW PUT A2 IN COMMON/86/ INTO PHIl STORAGE 801
DO 119 J=1,392 802
PHIl(J)=A2(J) 803

119 CONTINUE 804
805

CALL COREKT(EINTXVVtNFREOPHIIXV1,392v,1PH12) 806-
C 807
C PUT CORRECTED DATA FROM PH12 INTO EINT 808

DO 120 J=INFREO 809
EINT(J)=PHI21J) Ri0

120 CONTINUE 811
C 812
C INTEGRATE THE LUMINOUS VALUE AND WRITE THE VALUE 813

VAL=O. - 4
NFOMI=NFREO-1 815
DO 129 J=I*NFOMI 816

129 VAL=!((EtNT(J).EINT(J÷I))/2.)*(XVV(Jf1)-XVV(J)))÷VAL 817
WRITE(Ov130)XVV(1)9XVVfNFREO)# VAL 81

13P FORMAT(/* THE LUMINOUS POWER INTEGRA,(MAXIHUR NON-NORMALIZED) 819
- *AS ORIGINALLY COMPUTEDO FROMo 820

/F12*3* ANGSTROMS TO* F12,30 ANGSTROMS 'So E12.5) 821
822

C FIND HMX OF EINT LUMINOUS ENERGY 823
YMAX=EINT(1) 924
00 121 J=29NFREQ 825
IFIEINT(J) .GT. YMAX) YMAX=EINT(J) 826

121 CONTINUE 827
C NOW YMAX COHTAINS NORMALIZATION CONSTANT OF LUMINOUS POWER EINT 828

WRITE(O.123) 830
123 FORMAT(///* RELATIVE LUMINOUS POWER NOT NORMALIZEDO) A31

WRITE(O,47)( (XVV(J).EINT(J))tJ=1.NFREO)) 832
C 833
C NEXT NORMALIZE EINT TO UNITY 834

DO 122 J=ItNFREO 835
EItlT(J)=EINT(J)/YMAX 836

122 CONTINUE 837
C A38
C PUNCH3 HERE 830
C TH"S IS L'JHINOUS POW.J. 13EMALIZED TO UNITY 840
C NEXT 00 LOLP PUNCHES .4DUPS SETS OF CARDS A41

IF(PUNCH3)125tl126 84?
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125 CONTI1;" 84r
DO 12T (A=19NDUPS 844
JTT=4 845
J9881 846
PUNCH 124#OM#YEvZvOENS-A1,GRO'JPvTORR 847

124 rORNAT(lXAIOA2,*Z0VF3.1,*DENS=9EI2.S,* AA=*F7.590 GROUP*13* 848
*r6.0#07OPR LUMINOUS*) 84q
PUNCH I10,VALt XVV(1),XVVCNFREO)t YMAXtTEM9PLP','2vNFREONCARDS 850

C INTEGRAL VALUE VAL IS L51HINOUS BEFORE NORMALIZATIEON. 851
DO 128 1.=19NCAROS 852
PUNCH 112*Lt ((XVV(.!'vEINT(J))*J=JBB*JT-) 853
JBB=JBB*4 5
JTT=JTT*4 a5s

128 CONTINUE 856
PUNCH 113t ZZ 857

IV7 CONTINUZ 858
1Z6 CON"NUE 859

IURTTE(0949) 860
49 FOkHtATt1H1lv0(/)950X** END OF CASE* 3861

GO TO 1 862
END 863
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"•UBROUTINE PLOT(EINTtXVVtNFREO) 86"
C WRITTEN BY 8 E DOUDA 4 SEPT 1969 86•

868
DIMENSION LlNE132),EINT(2000)vXVV(2000) 869
INTEGER 0 870
DATA 0/6/ 871
DATA(BLANK=IH )v (DOL=IHS), tXliHX)g ( Y=1HO)q (Z=HO) A72
TYPE INTEGER BLANK, DOLt XtY9 Z 8?3

C 874
WRITE(09) 875

9 FORMAT(/45X38HRELATIVE POWER (NORMALIZED) 876
*/,16X3HO.022X4N0.252IX3HO.S22X4HOo7521X3H1.0 ) 877

C 87A
C PRINT A LINE OF DOL TO MAKE VERTICAL AXIS 879

00 10 J=1,132 880
10 LINE(J)=BLANK 881

00 20 J=169119 882
20 LINE(J) = DOL 883

WRITE(Qv30)(LINE(J),J=16119) 8A4
30 FORMAT (4XOHANGSTROMS2X1O4Al) 885

C 886
C BLANK THE LINE 887

00 40 J=17*118 888
40 LINE(J) = BLANK 889

NFR=NFREO 890
DO 70 N=I*NFR R91

C 892
C PUT X IN SELECTED LOCATION 893

IF( EINT(N) .LT, 0. .OR. EINT(N) .GT* 1. I GO TO 120 A94
J=100. * EINTIN) * 18.5 8c9J
LINE(J) = X 896

50 CONTINUE 897
WRITE(060) NTXVV(N)9(LINE(L)qL=l61ll9) 80A

60 FORMAT(IStlXvF8.21lXs104A1l 899
C 900
C PUT A BLANK BACK IN THE LOCATION WHERE X WAS Q01

LINE(J) = BLANK 902
70 CONTINUE 903

DO 80 J=1.32 9D4
80 LINE(J)=BLANK 905

no go J=16vI19 906
90 LINE(JI = DOL 907

C 9Opt
WRITE(09100)( LINE(J),J=16,119) 90Q

100 FORMAT(1SXIO4AI) ql1
P4'LURN 911

C 91?
120 IRITEC0OI30) 913

130 FORNAT(//IXt*EINT IS NEGATIVE OR GREATER THAN 1.0. IF NEGATIVE q91
*. LOOK FOR ERROR IN PROGRAM.4/0 IF GREATER THAN ONE# q.•
* CHECK NORMALIATION-//) 916

RETURN 917
END 91



-164-

SUBROUTINE PLANCK (TiXqNiR) 919
C PROGRAMMED BY 8 E DOUDA. OCT 1970. RUNtS ON CUC6600. 9211
C T=TEMPERATURE* X=WAVELENGTH IN ANGSTROMS9 P.=RADIANT EXITANCE 921
C N DETERMINES UNITS ASSIGNED TO R 922
C C1=3.741SE-5 CM4**2 ERG/SEC = 3.741SE11 AR*2 ERG/SEC 923
C CI=3.741SE4 AO*2 J/SEC = A~*2 C1=2*PI*H*C*C* 924
C C2=1.43879 CM K = 1.43879E8 A K 925
C R = WATTS/A**?/A q VALUES ARE PER HEMISPHERE.. 026
C R*1.E2O = WATTS/CM*'s2/H*CRON WHEN N=2 927
C THERE ARE IE.8 ANGSTROMS/CH 928
C ONE MICRON = 1E+4 ANGSTROMS 9)29
C R = PLANCK POIEFR 930

DATA (Cl=:s.7415E4)t (C2=I.43F7lE8) 931
E =EXPC C?/fX*T)-)- 3

IF(N .EO. 1 *RIEO'ý'
-RETURN 935
ENDQ3
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SUBROUTINE CEPTMPfMH8TEMPStH29ZvTEMPP9ZCH) 937
938

C B E DOUDA 29MAPCH 1972 939
940

nIHL'MION TEPPS(201) 941
INTEGER 7 94?

INTEGER ZP1 943
944

C FIND DEPTH CALLED SIZE FCR EACH SIMPSON INTERVAL 94S
SIZE=FLOAT(Z)/FLOAT(m2) 946
ZCH=(M8-1I * SIZE 947

C ZCM, THE DEPTH IN CM AT M8 IS RETURNED TO MAIN PROGRAM 948
949

C NEXT FIND TEMPP AT M8 950
ZPI=Z.I 951

M2PI=M2*1 952
C HERE SIZE IS THE NUMBER OF SIMPSON RULE INTERVALS/CM DEPTH 953

SIZE=FLOAT(H2)/FLOAT(Zl 954
!F(18 -EQ.-I) GO TO 30 955
IF(H8 *EO. R2P1) GO TO 40 956
DO 10 J=2,ZPl 957
K=J 95R
X=(J-I)OSIZE 959
IF(X wGT, (M8-l)) GO TO 20 960

10 CONTINUE 961
20 DIFF=X-(M8-1) 967

FRAC=DIFF/SIZE 963
DIFF=TEMPS(K) - TEMPS(K-1) 964
SIZE=FRAC*DIFF 965
TEMPP = TEMPS(K) - SIZE 966
RETURm 967

968
30 TEMPP = TEMPS(l) 969

RETURN 970
971

40 TEMPP = TEMPS(ZPI ) 972
RETURN 973
END 974



FUNCTION VOIGT(XtA) 975
C PROGRAM WRITTEN BY G. RYBICKI 976
C COMPUTES VOIGT FUNCTION FOR ANY VALUE OF X AND ANY 977
C POSITIVE VALUE OF At BEFORE CALLING FIRST 11ME 978
C ENTER COFVOI WITH THE STATEMENT 979
C OUMi4Y!=COFVOI (DUMMY29OUMMY3) 980

DIMENSION C(31) 981
TYPE COMPLEX Z 982
IFCA*EO-.0.)GO TO 5O 983
A1=3.*A 984
A2=AeA 985
IFtA*LT.O*1)GO TO 10 986
Z=CEXP (-9.4 24 77796076938oA,9942477796076938*X) 987
VOIGT=O .0 988
GO TO 20 989

10 z=ccos (9 .4 2 4 7 7796076938*X,9.42477796076938*A) 990
VOIGT=O.564189583547756*EXP(A2-X*X)*COS(2..A*S) 991

20 81='1.-REALQ))*A*1.5 99282=-AIMAG (Z) 993
S=-B.-1 .5*X 494
T=S*S*2.25*A2 995
00 40 N=1931 996
T=T+S*O.25 997

87 A1 -81 999-
82=-B2 1000
!F(T*GT.2.SE-12)GO To 30 loci
VOIGT=VOIGT-C(n) 'A'.333333333333333 1002
GO TO 40 1001

30 VOIGT=VOIGT4C(Ne81.9*B2,S)/T ;0
40 CON~TINUE L005

RETURN 1006
50 VOIGT=0.564189583547756.EXP (-X*X) 1007

RETURN 100S
ENTRY COFVOI 1oo'*
K=-16 1010
00 60 N=1931 1011
K=K+1 01

60 C(N)=0,0897935610625833eEXPt-FLOAT(NcK)K1,.) 1013
RETURN 1014
END 1015
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SUBPOUTINE THICK(TT~r*OS*Z*9ENS) 
1016

C 1017
C OUTPUT TOTAL OPTICAL T1.4Ic.NtSS -f AT DEPTH Z, 1019C B- E- DOUDA 20 MARCH 72 1020

1021OATA(P=3.14159265sb,(E-4.O298E..o10v,fkA=.109loE-0
2 8) 1022DATA (C-2.99T925E.Ol15i 

1023C DATA(TTC=6.0GE05,07) 
1024
1025C TT= TOTAL OPTICAL TH!Cr.NESS= t01ME'NLCt 1 a6

C E= ELECTROSTATTC Ck-AiýGE 'CP**1.S) i0f SICS- 1027
t, Zz PHYSICAL C7PTH OF ATMOSPHERE CA 1 029C F= DOPPLER HALF WIDTH IN FREOUEN'C, UQITS ~-)1030

C P14= ELECTRON REST MASS G 1031C :=SPEED OF LIGHT (CH4) (S*4-1) 103ZC DENS= N12-v PAPTICLES/CC MNATOMSPHERE 1033C 0Sz OSCILLATOR STRENGTH CF LINE# DIMENSIONLESS 1034C H= PLANCK CONSTANT ERG S 1035c V= &cN1Ek FnEQUENCY OF LIKE 1/S 1036C ERG= DYflE CM DYNE= GM CP)"SEC**2 1037C -812- EINSTEIN COEFFICIENT =(OS'94*P*PfEQE)/(F*RM*C) 1038C &BOVE 812 IS FORM WHEN N!? IS IK DENSITY UNITS- 1039C TT= th*V) / (4*P4FI * (N12 812 - N21 4 82i) Z 1040C 421 * 821 IS NEGLIoIRALE' 1041
104?TI =(DENS*OS *P E* E 0 E Z (F *RM C~ 1043
1044
1045c DE"&C= DENSITY AT SPECIFIZO THICKNESS *TTC 1046C DEL : (TTC*F*RPfCI;I(O5 OPOEOEOZ) 1047C WRTTE (f,1tz1 UENSC. TTC 1048C 10 FORMAT fPli1,2E21.14) 
1049~

RETUPN 
lOS!

EN 
15



SUBROUTINE 00PPLER(XýLAMHK.TEMPVHWIDTHfDWN tAHW )1053
1054

C COMPUTES DOPPLER HALFWIDTH OF ATOA41C LINE AT SOME TEMPERATURE loss
C WRITTEN BY F E DOUDA 25 AUG 1969 -1096

C TEMP IS OEGRZES KELVIN, XHASS IS WEIGHiT PER MOLE-AND 1-060,
C XLAMBDA IS THE CENTER OF THE RESONANCE LINE IN ANGSTROMS. 1061

C 1062
DIMENSION AN-G( l:1),XLAMBDA(2).AIHNIDTH(3),DWAVENOC3) 1063
DIMENSIeN FREO( 1) 1064
TYPE REAL LAMBOAP* LAMBDAS 1065

;c(RX uE. 0 )GO TO 10 1066
xKASS z.9a98 1067

1068
¶C XLAMBDA(2) =589S.9236 106Q

C XLAMBOA(1) = Sa89.9504 1070
t: XLAMBOA(I)=5B93. 1071
C XLAMSDAL(2) =S893. I 072

1013
K=1 1074

XLA9BDA (K) =XLAM 107ci
A LAM = LINE CENTER 114 ANG~iTROMS. I 07T
HiOLTZ-1 .38054E-016 1077
SPEECI I =2.997925E010 1078
AIVAt3AO6.*02252C023 1079
CONSTAN =2.0*S0RT(2OO'B0LTZ)*SORT (ALOG (2.0) )#SORT (AVAGAD)/SPEEOLI 1080

1081
C FHIJIDTH IS DODPLER HALFVIOTH IA FREQUENCY UNITS 1082

1083
FHWIDTH=(CONSTAt1'SPEEOLI/CXLAMBDA (K)*1.0E-8) )*SORT(TEI4P/XMASS) 1084
XWAVENO =1.0/(XLAMBDA(K) * 1.GE-8) 1 oa8

108BA
OWAVENO (K) =FHWIDTH/SPEEOLI 1087

C OWN = DOPPLER WIDTH IN WAVENUMBERS. 10,88
OWN=OWAVEt4OiK)- 1089

1090
HWAVýENO= OWAVENOIK)/2.3 1091
LAHRDA?=1.0E*8/ (XWAVENO *HWAVENO) 1092
LAM60AM=1.GE*8/ (XWAVENO HWAVEND) 1093

c 1094
C tHWIDtH IS DOPPLER J4ALIWIDTH IN A"JGSTROSS 1095

A' WJDM(K) =LAIIBDA*4 - LAMBOAP -1096
tIiii = AiiwrCTH(.K) 1097

1 09A
REVIRN 1099

10 CONTINUE 1100
NFl SVREO-l 1101
00 20 l=h*NFREO 1.102
Ta=NFRE2- I *1 1103
AN6(I*NPIK1 1.0E*8 / fXWAVENO - (DWAVENO(K) *FREOfI))) 1104
ANGirDK) = .OE48 / (XWAVEtiO (DWAVENO(K) FREOdI))) 1105

20 CONTINUE 1106
AHWlDTH(3~)=,kW1DTH(!-) 1107
j=K 110OA

OWAVVOM(3 = DUAVEN0(2) 11 QQ
C CALL PRINT(4) 1110

RETURN 11.11
END 1112
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SUBROUTINE COREKT (A9XA*KA#BXBo98tBH,v) 1114
C PROGRAMMED BY B S DOUDA. OCT IQ70. RUNS ON CDc6600. I1l1
C DIMENSION A(IOOO)fXA(IOoo), BlOOm)ixB(lOOO), C(UOoo) 1116
C DIMENSION A(4000),XA(4000), B(4000)*XB(4000), C(4000) 1ily

DIMENSION A(2000),XA(2000), B(2000).X9(2000). C(20001 1I18
C INPUT. A(KA) ARE INTENSITIES TO BE CORRECTED AT KA POINTS lIIQ
C INPUT. XA(KA) ARE WAVELENGTHS ASSIGNED TO A 1120
C INPUT. B(KB) ARE DATA THAT CORRECT A. 1121
C INPUT. XB(KB) ARE WAVELENGTHS ASSIGNED TG B 1122
C INPUT. KA IS NUMBER OF As KB IS THE NUMBER OF B 1123
C M SETS TYPE OF CORRECTION 1124
C DOES A/B=C AT WAVELENGTUS ASSIGNED TO A WHEN M=O 1125
C DOES A*B=C AT WAVELENGTHS ASSIGNED TO A WHEN M=1 1126
C OUTPUT. C(KA) ARE THE CORRECTED DATA AT KA POINTS AND 1127
C AT WAVELE14GTH XA. 112R

IF(XAIIVLT.XB6I).OR.XA(KA).GT.XB(KB)) WRITE(6t1| 1!29
1 FORMATi//9, CHECK RANGE OF S IN SUBROUTINE COREKT FOR AOEQUACY4//) 1130

KBM=KB-1 1131
DO 3 J=I*KA 1132
D0 3 K=1IKBM 1133
KP==K. 1134
IF(.N0T*(XB(K).LEXA(J).A•D.X5'"P)VF.XA(J))m GO TO 3 1135
D=XO (KP) -XS(K) 1136
E=XA(J)-XB(K) 1137•=!•F=R(K)+(fE/DlO{B(KP!-B(K))} 113A

rIF(M.EO.*) GO TO 5 1139
C(J1=A(J)/F -1140
GO TO 3 1141

5 C(J)=A(J)*F 1142
3 CONTINUE 1143

RFTURN 1144
END 1145

Ai
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BLoCK DATA ETEB 1146
COI4WONIB6IAI 092) 114?

c Al IS EYE RESPONSE TABLE USEfe IN EYE9AL, 114R
OATA(UAI j1)t'1*1O3)= 1149
*0.00004000w4.000044'99e0.00004947e0.00005388*oO.O0tOSS6b,0.000064?Si 1150
*O.6000711Cy0*OO07966.-0o00009037qQ.00010367,O.000i2O0.00.0001t3762p 1151

*o.00030750t.0.00351$00,0.00040000,O.00044940.O.0Q049470,O.0e053880, 1 i5s
'0.0O058660.0.0CCTh4250,O.,0007llO0,O.0007966&,O.C0090370.O.00i036701  1154
10.O0l2~00~vO.0&i377'0.0,3015552Os0.O01741B4tb0..0094560.O.0021750O, 1155
"00.00243640 ,0.&02744ZO, 0.0031 00b0, O00351660,0,O04COýýCO1,0.004S48b0, 115S.

~ 1157
'0.00976000,0.OV)66450.0.01160000,O.01256990v.0.C'357920,0.0146?730. 1158
*0*0l57i36ftO0.0I6B37S~t0,01799840oDs019I9S70s0.0Ž0428B0.ý0.021647tO. 11159

~ 1160

6O.112147199,---.32?5Zf98,O.l277g395S,0*i3327Z9gS.0,l39O00CO0,.144S4245J 1166

DATAi (Al t.'; t210220q)= 0 67
*0,1507w9ý44.15I670747,0.16287l94.o!693a245,0.176079t'9,0.18325746y 1168

*0,i9O546v2200O.O 4*0.174f %46t0.2Z7CIS970,023707145, 1169

00.32'99499ib.338Z3997*0.3S4409199,?.37137997.0.3Pz9O197.0O.40 724999i 117
'0.42S93499.0.44496O&,,0.'6422994.0,48361q999O.S0?9991*,C5Sý26S999, 1172
*0.S435,4;9SO.S66839960.o.,iias499q9i,0.bO,8249Q6,o.6298599B*o.6SIp99;89 1173

*O.6I6$99,06Q~399Q~. ~1174
40.77763999.O. ?9-;l999ti8Of11$3 9%0.SZ253999t0.R363139y8,0a4947997s Ms 7
'O.861 ̀99999s4V ?359,0085194.'*59701440 1176

~ 1117s
~ 1151x

DATAf (AX(JI.J=20S.3^Ebo1 R

'O.68216&?4759.66935998.0.65653993sO.64374000.0.63099998.0.61824995: 11685.
* - e3.6054299g,0,59q2559999,0579660OO0ý,056674q999,O,5S3P5995,O.SqO]10998, 13

~ 1190)

~ 119?

00.106-99999.0.10143995v,09t1l2000q0.09104997a0.086?0000,0.041'599,5"t !X

* 'OoS3BSOOO.0.03O60000.0,54750000,0.0'.456000.u.04178000.0,03914000. I 19Q

b



*0.0366300CtO.03426000*.0320C000q0*002990000Of.029DOOO9O.026280001 1200
*0.02470000*0O.02324O0OOt02l88000.0.02060O00,0.0019300OOrO.01B 8 18000 1201
*0.017000000,01S84700,0#01476R00t0.01375606,0.0128080Of040lI9180O) 120?
DATAt fA1(J~.j=307,392)= 1203
#0.01108400i,0.0103000,0,00095600Q.008861Ot.0820000.J.00759000f 1204
20074f ,ý065Oi#062090O52 00O*536300,0.00S028009 12o5
40.004710009,0. 00440400, 0.004100flG,0.00351G68,0.0035S040.0,003315729 12*.06
0O.0G310320v,d.0090938*0.0C2 '30S0#0.00256402,0.0O240560v0.0022520S. 1207
00.00210000,0.001954189,0O00820S8,0.O0169B80,0.00158664,O.001483129 1200
000189**326BCDI15*.0I96OOl5Dt#O947 1209
00.00090856,0.000844-59,0.00078808,0&00073625,0.0006803290-00064351* 1210
000000t.OSO&v.OSO~v.C4l400041*,0458 1211
*0.OO38656,0.OO36Ot0.00033544.0.a00312S2,0t04O29088tI0e00027016i 1212
*o10.050C~0,0.023102eO.000a1 392,00019850,t1.09081456*.0001?18B. 1213
000062*.019400032400025i4Ol2Ov.0113 1214

*0.00010304,0,00009591,0.0O008952p0.0000837SgO.00007848s0.00007359i 121~5
.0.00006896,0O000O644?v0.000O60C0#0.0OQ05S72,0.Go00518

4,0,0O004832t 1216
*OP0052DOO41*,009Pt-O03qt.Oo46000-26 121?
4~0.3000 e,00.0 1218

END 1I z
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SUBROUTINE EYEBAL (X*N) 1220
C ýEV Z2MAR7I TO USE WITH BLOCK DATA EYEB 1221
C PROGRýAMED BY B E DOUDA. OCT 1970. RUNS ON COC6600, 1222
C Al 1S EYE RESPONSE TABLE- X IS CORRESPONDZNG WAVELENGTH. ANGSTROM 1223
C N IS NUMBER OF POINTS . X(1)=3800. X(392)=7710. 1224

DIMENSION X(392) 1225
C Al TABLE IS IN BLOCK DATA EYEB# 1226

COHMNON/B6/AIf392) 1227
N=392 1228
X(I)=3800. 1229
D0 2 J=2,N 1230
SJHm=J-1 1231

2 X(J)= X(Jkl)+.1. 1232
C -RITE(6t3) (X(Jl#A1(J)sJ:1,N) 1233
C 3 FORMAT(/IA 6(1XF6.0*E14,7))) 1234-
C NORMALIZE MAXIMUM POINT TO i.0 1235

AN=AI(176) 1236
00 4 J=I,N 1237

4 AI(JI=AI(J)/AN 1238
C !.QT"(6#3) (X!J)iAl(J)vJ=ItN) 1239

RET',RI4 1240
END t241
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D- Dwiggins.
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149/19 (21 September 1971).
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Illuminating FZare Composition Composed of Magnesi=, Sodium Nitrate,
and an Epoxy Resin-Poiyglycol Resin Binder, 3,411,963, Class 149/19
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Process for Polymerizing Acrylic Monomers with Strontium Perchlorate
for Pyrotechnics and Propellantst 3,369,946, Class 149/83 (20 February
1968).

SPurotechnic Compound Tris(Glyc-)-) Strontium (HI) Perchlorate and
lMethod for Makin, Same, 3,296,045, Class 149/75 (3 January 19U7).
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N


